University of Kentucky

UKnowledge
Theses and Dissertations--Biosystems and
Agricultural Engineering

Biosystems and Agricultural Engineering

2015

CHARACTERIZATION OF TWO BIOCHARS DERIVED FROM HORSE
MUCK AND THEIR ABILITY TO REDUCE PATHOGEN TRANSPORT
IN SOIL
David Griffith
University of Kentucky, dagrif.87@gmail.com

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Griffith, David, "CHARACTERIZATION OF TWO BIOCHARS DERIVED FROM HORSE MUCK AND THEIR
ABILITY TO REDUCE PATHOGEN TRANSPORT IN SOIL" (2015). Theses and Dissertations--Biosystems and
Agricultural Engineering. 33.
https://uknowledge.uky.edu/bae_etds/33

This Master's Thesis is brought to you for free and open access by the Biosystems and Agricultural Engineering at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Biosystems and Agricultural
Engineering by an authorized administrator of UKnowledge. For more information, please contact
UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
David Griffith, Student
Dr. Carmen T. Agouridis, Major Professor
Dr. Donald Colliver, Director of Graduate Studies

CHARACTERIZATION OF TWO BIOCHARS DERIVED FROM HORSE MUCK
AND THEIR ABILITY TO REDUCE PATHOGEN TRANSPORT IN SOIL

_____________________________________
THESIS
_____________________________________
A thesis submitted in partial fulfillment of the
requirements for the degree of Master of Science in
Biosystems and Agricultural Engineering in the College
of Engineering at the University of Kentucky
By
David Griffith
Lexington, Kentucky
Director: Dr. Carmen T. Agouridis, Assistant Professor of
Biosystems and Agricultural Engineering
Lexington, Kentucky
2015
Copyright © David Griffith 2015

ABSTRACT OF THESIS

CHARACTERIZATION OF TWO BIOCHARS DERIVED FROM HORSE MUCK
AND THEIR ABILITY TO REDUCE PATHOGEN TRANSPORT IN SOIL
Biochars have been created and characterized from a variety livestock manure biomass
including poultry, dairy, and swine. However, no research has been conducted on the
physical and chemical makeup of biochar pyrolyzed from horse muck. Two horse muck
derived biochars containing either straw (HS) or woodchip (HW) bedding were pyrolyzed at
700oC and characterized for their physical and chemical properties. Tests revealed both
biochars had high alkalinity, moderate specific conductivity, and low surface area as
compared to other biochars in the literature. HS contained more mineral structures than
HW. Scanning electron microscopy presented differences in particle shape, size, and
presence of xylemic structures. The chemical makeup of both biochars was similar, while
HW contained about 23% more C than HS while HS contained more calcium and
magnesium. The effect of biochar-amended soils on the transport of two Escherichia coli
isolates was studied using saturated soil columns. The results show that HW significantly
reduced the transport of isolate SP2B07 over the Soil control, and reduced the transport of
isolate SP2B07 more than isolate SP1H01. Horse muck biochars may show promise in
reducing bacterial transport though agricultural soils.

KEYWORDS: Biochar, horse muck, biomass, pyrolysis, bacteria, transport
David Griffith

_

Signature
5/1/2015

_
Date

CHARACTERIZATION OF TWO BIOCHARS DERIVED FROM HORSE MUCK
AND THEIR ABILITY TO REDUCE PATHOGEN TRANSPORT IN SOIL
By
David Aaron Griffith

Carmen T. Agouridis
Co-Director of Thesis
Donald Colliver
Director of Graduate Studies
5/1/2015
Date

To my wife Rachel and our son Ethan
“Study hard what interests you the most in the most undisciplined, irreverent and original
manner possible.” - Richard P. Feynman

ACKNOWLEDGEMENTS
I would like to thank Dr. Carmen Agouridis, Dr. Mark Coyne, and Dr. Carl Bolster,
my thesis committee, for working with me through this long process. I appreciate the
opportunity to have worked at the USDA facilities in Bowling Green, KY. Special thanks to
Stacey Antle for showing me the ropes and helping me stay organized, and Cayla Baughn for
her help in gathering data. Thanks to John Allen, Seth Hafeth, and Kirk Vanzant for the
“materials” of my experiments. Thank you to Diane Hunter, Jason Backus, Xu Jiang, Derek
Scott, and Otto Hoffman for their help in conducting experimental measurements or for the
use of their equipment.

iii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ........................................................................................ III
LIST OF TABLES ................................................................................................... VIII
LIST OF FIGURES .................................................................................................... IX
CHAPTER 1: INTRODUCTION ................................................................................ 1
1.1 INTRODUCTION.......................................................................................................................... 1
1.1.1 Origins of Biochar .................................................................................................................. 3
1.1.2 Climate Change...................................................................................................................... 5
1.1.3 Agronomic Value................................................................................................................... 5
1.1.3.1 N Fixation .................................................................................................................... 5
1.1.3.2 Water Holding Capacity ............................................................................................. 5
1.1.3.3 Nutrient Retention ...................................................................................................... 6
1.1.3.4 Soil Microbes ............................................................................................................... 7
1.1.4.2 Herbicides and Pesticides........................................................................................... 7
1.1.4.3 Heavy Metals................................................................................................................ 9
1.1.5 Biochar and Microbial Transport ..........................................................................................10
1.1.6 Economic Considerations ......................................................................................................13
1.1.6 Research Needs ....................................................................................................................15
1.2 OBJECTIVES ..............................................................................................................................15
1.3 ORGANIZATION OF THESIS ....................................................................................................16
CHAPTER 2: CHARACTERIZATION OF BIOCHARS PRODUCED FROM
TWO TYPES OF HORSE MUCK AND DAIRY MANURE .................................... 17
2.1 INTRODUCTION........................................................................................................................17
2.2 METHODS..................................................................................................................................20
2.2.1 Sample Collection and Pyrolysis ............................................................................................20
2.2.2 pH and Specific Conductivity ................................................................................................21
2.2.3 X-ray Diffraction (XRD) Analysis .....................................................................................22
2.2.4 Scanning Electron Microscopy (SEM) Analysis....................................................................22
2.2.6 Extractions for Ionic Chromatography ..................................................................................23
iv

2.2.7 Particle Size Analysis ..........................................................................................................24
2.2.8 Surface Area Analysis .........................................................................................................25
2.2.9 Statistical Analysis...............................................................................................................25
2.3 RESULTS AND DISCUSSION .....................................................................................................25
2.3.1 Recovery Yield, pH, and SpC...............................................................................................25
2.3.2 X-ray Diffraction Results .....................................................................................................28
2.3.3 Scanning Electron Microscopy (SEM) Results ......................................................................35
2.3.4 Nutrient and Elemental Analysis Results.............................................................................37
2.3.4.1 Non-mineral Nutrients .............................................................................................38
2.3.4.2 Mineral Macronutrients and Micronutrients .........................................................39
2.3.4.2.1 Carbon to Nitrogen (C:N) Ratio .....................................................................41
2.3.4.3 Non-nutrients and Toxins .......................................................................................43
2.3.5 Ionic Chromatography Extraction Results.............................................................................44
2.3.6 Surface Area Results ............................................................................................................46
2.3.7 Particle Size Analysis Results ..............................................................................................49
2.4 CONCLUSIONS ..........................................................................................................................52
CHAPTER 3: EFFECTIVENESS OF HORSE MUCK BASED BIOCHAR FOR
REDUCING E. COLI TRANSPORT IN SATURATED SOIL ................................ 54
3.1 INTRODUCTION........................................................................................................................54
3.2 METHODS..................................................................................................................................56
3.2.1 Soil ......................................................................................................................................56
3.2.2 Horse Muck Biochar ............................................................................................................57
3.2.2 Experimental Setup .............................................................................................................59
3.2.2.1 Bacteria .......................................................................................................................59
3.2.2.2 Soil Mixtures and Dilution Setup............................................................................62
3.2.2.3 Column Packing ........................................................................................................62
3.2.2.4 Sample Collection and Plating.................................................................................63
3.2.2.5 Batch Sorption Experiments ...................................................................................64
3.2.2.6 Data Analysis .............................................................................................................65
3.3 RESULTS AND DISCUSSION .....................................................................................................65
3.3.1 Bacterial Transport Study.....................................................................................................65
v

3.3.1.1 Column Dissections ..................................................................................................67
3.3.2 Batch Sorption Experiments .................................................................................................70
3.4 CONCLUSIONS ..........................................................................................................................75
CHAPTER 4: CONCLUSIONS .................................................................................. 77
4.1 INTRODUCTION........................................................................................................................77
4.2 PHYSICAL PROPERTIES ............................................................................................................77
4.3 CHEMICAL PROPERTIES ..........................................................................................................80
4.4 COMPARISON TO DAIRY MANURE-BASED BIOCHAR .........................................................81
4.5 BACTERIAL TRANSPORT STUDIES..........................................................................................83
4.6 DISCUSSION ..............................................................................................................................84
CHAPTER 5: FUTURE WORK ................................................................................. 85
5.1 RE-EVALUATION OF EXPERIMENT........................................................................................85
5.2 OTHER EXPERIMENTS ............................................................................................................86
APPENDIX A: HORSE MUCK AND DAIRY MANURE BIOCHAR
CHARACTERIZATION............................................................................................. 88
APPENDIX B: BACTERIAL COLUMN EXPERIMENT CHECKLIST ...............121
B.1.1 PREPARATION .................................................................................................................... 122
B.1.2 DAY 1 .................................................................................................................................. 122
B.1.2.1 Column Packing ............................................................................................................ 122
B.1.2.2 Inoculation ..................................................................................................................... 124
B.1.3 DAY 2 .................................................................................................................................. 124
B.1.3.1 Centrifugation ................................................................................................................ 124
B.1.3.2 Protein Analysis, Absorption, Lowry Method ................................................................ 124
B.1.3.3 Column Experiment Process .......................................................................................... 125
B.2.1 PREPARATION PROTOCOL ............................................................................................... 126
B.2.1.1 Column Saturation Effluent Tubes ................................................................................ 126
B.2.1.2 Dilution Tubes .............................................................................................................. 126
B.2.1.3 Plate Setup .................................................................................................................... 126
B.2.1.4 Column Fraction Tubes ................................................................................................. 127
B.2.1.5 IC bottles and filters....................................................................................................... 127
vi

B.2.1.6 Effluent Fraction Collectors............................................................................................ 128
B.2.1.7 Other Preparations......................................................................................................... 128
B.2.1.7.1 Day 1 .................................................................................................................... 128
B.2.1.7.1.1 Column Packing .......................................................................................... 128
B.2.1.7.1.2 Inoculation ................................................................................................... 128
B.2.1.7.1.3 Other Preparations ..................................................................................... 129
2.1.7.1.2 Day 2 ..................................................................................................................... 129
2.1.7.1.2.1 Bacterial Solution Preparation ................................................................... 129
B.3.1 SUPPLIES FOR BACTERIAL COLUMN EXPERIMENT ...................................................... 132
B.4.1 SOLUTIONS AND MIXTURES ............................................................................................ 132
B.4.1.1 Soil + Biochar Mixture ................................................................................................. 132
B.4.2.1 KCl/KBr Solution ........................................................................................................ 132
APPENDIX C: BACTERIAL TRANSPORT EXPERIMENTS ............................. 133
C.1 TRANSPORT STUDY: FRACTIONAL RECOVERIES ............................................................. 134
C.2 TRANSPORT STUDY: COLUMN DISSECTIONS .................................................................... 148
C.3 VARIABLES ............................................................................................................................ 160
REFERENCES ..........................................................................................................161
VITA........................................................................................................................... 184

vii

LIST OF TABLES
Table 2.1. Mean biochar1 recovery rates, pH and specific conductance (SpC). Values in
parentheses are standard deviations..........................................................................................26
Table 2.2. Minerals identified in the HS, HW and D biochars1 using XRD. ............................31
Table 2.3. Nutrient and elemental analysis results for HS, HW and D biochars1. ...................38
Table 2.4.Nutrient and elemental values of biochars (mean±stdev) from the literature. ........40
Table 2.5. Ionic chromatography (IC) extraction results (means ± standard deviations) for
the HS, HW and D biochars.1 All tests were performed in triplicate. .................................44
Table 2.6. Surface areas of HS, HW and D biochars.1 .................................................................48
Table 2.7. Sieve analysis (D10-D90) results of HS, HW and D biochars (μm).1, 2 .......................49
Table 2.8. LISST analysis (D10-D90) results (mean ± standard deviation) of HS, HW and D
biochars (μm).1, 2, 3 ........................................................................................................................49
Table 3.1. Soil textural classification of soil used in column experiments. ................................57
Table 3.2. Select characteristics for HS and HW biochars1,2 and soil3. .......................................58
Table 3.3. Surface properties (mean and standard deviations) of SP1H01 and SP2B07 at two
growth phases (exponential and stationary) as characterized by Bolster et al. (2010). ......60
Table 3.4. Mean and standard deviation for percent recovery (PR) for HS, HW, and Soil. ...65
Table 3.5. Mean and standard deviation normalized concentrations (aRd/Tc) for column
dissections for E. coli isolates SP1H01 and SP2B07. ..............................................................70
Table 3.6. Mean and standard deviation fractional recoveries (PR) and sorption coefficients
(K) for E. coli isolates SP1H01 and SP2B07...........................................................................75

viii

LIST OF FIGURES
Figure 2.1. pH and pyrolysis temperature trends for bovine and poultry manure based
biochars (Gaskin et al., 2008; Granatstein et al., 2009; Kolb et al., 2009; Novak et al.,
2009; Spokas et al., 2009; Lehmann et al., 2011; Rajkovich et al., 2011; Sinclair et al.,
2011; Uzoma et al., 2011; Cantrell et al., 2012; Enders et al., 2012 and Griffith, 2015) and
horse muck based biochar (Griffith, 2015). HS=horse muck with straw bedding,
HW=horse muck with woodchip bedding, and D=dairy manure.......................................27
Figure 2.2. Specific conductance and pyrolysis temperature trends for bovine and poultry
manure based biochars (Leisch et al., 2010; Singh et al., 2010; Rajkovich et al., 2011;
Cantrell et al., 2012 and Griffith, 2015) and horse muck based biochar (Griffith, 2015).
HS=horse muck with straw bedding, HW=horse muck with woodchip bedding, and
D=dairy manure. .........................................................................................................................29
Figure 2.3. X-ray diffraction (XRD) analysis strongly suggested the presence of gypsum
(20.70°), quartz (26.52°), calcite (29.28°), and turbostratic carbon (hump centered on
23.32°) in the HS biochar. ..........................................................................................................32
Figure 2.4. X-ray diffraction (XRD) analysis did not identify any strong peaks through
turbostratic carbon (hump centered on 23.32°) identified in the HW biochar. .................33
Figure 2.5. X-ray diffraction (XRD) analysis strongly suggested the presence of quartz
(26.52°), sylvite (28.22° and 40.36°), calcite (29.28°), and whitlockite (31.54°) in the D
biochar...........................................................................................................................................34
Figure 2.6. SEM images showing HS, HW and D biochars. (a) HS biochar at 80x
magnification. Image shows a large concentration of long lignocellosic material vs
granules indicative of manure. (b) 300x magnification of HS biochar lignocellosic
material. (c)70x magnification of HW biochar showing large pieces of woody material, as
compared to the HS and D biochars. (d) Tip of woody material at 500x magnification
showing pores and pits in HW biochar. (e) 80x magnification of D biochar showing
prevalence of granules and fine particles. (f) 1,200x magnification of D biochar granule
showing pores in the size range of 2-15 µm. ...........................................................................36
Figure 2.7. Biochar surface area (m2) versus pyrolysis temperature (°C).1 .................................46
Figure 3.1. Transport treatment means and standard deviations for SP1H01 and SP2B07. ..66
Figure 3.3. Normalized effluent concentrations (aRd/Tc) for E. coli isolate SP2B07. ...........69
ix

Figure 3.4. Normalized effluent concentration (aRd/Tc) results for the column dissections
for E. coli isolate SP1H01. .........................................................................................................71
Figure 3.5. Normalized effluent concentration (aRd/Tc) results for the column dissections
for E. coli isolate SP2B07. ...........................................................................................................72
Figure 3.6. Normalized effluent concentration (aRd/Tc) results for the batch experiment...73
Figure 3.7. Log percent recovery (log PR) vs sorption coefficient K (mL g-1) for E. coli
isolates SP1H01 and SP2B07. ....................................................................................................74

x

CHAPTER 1: INTRODUCTION
1.1 INTRODUCTION
With over 200,000 horses valued at over $6.2 billion (NASS, 2012) and tourist
attractions such as the Kentucky Horse Park and the Kentucky Derby, the Commonwealth
of Kentucky (more specifically Lexington, Kentucky) is known as the Horse Capital of the
World for good reason. These horses are a valuable economic and cultural asset to the
Commonwealth. However, their rearing poses environmental challenges particularly with
regards to manure management. On a daily basis, a 454 kg horse will produce about 27 kg of
manure and urine, and if the horse is housed in a stall, an additional 9 kg of straw or sawdust
bedding is produced (Higgins et al., 2008). This combination of manure, urine and bedding
is called muck, and it must be removed from and disposed each day the horse is stalled. This
muck is placed in temporary storage piles before it is then disposed largely through land
application though a few operations have muck composting capabilities (Higgins et al., 2008;
Guffey, 2012). Composting muck in larger volumes (e.g. multiple horses) requires specialized
equipment such as a compost turner, a compost pad, and a means of controlling runoff
(NRAES, 1992).
Since muck contains large amounts of pathogens and nutrients such as nitrogen and
phosphorus, operators must exercise caution with regards to location, amount and timing
when applying muck to the land in order to prevent pollution of surface and ground water
sources. Runoff containing pathogens and nutrients can lead to water quality impairments
which can negatively affect humans, livestock, and aquatic organisms (Beasley et al., 1989;
Smith and Rose, 1990; Niemi and Niemi, 1991; Pote et al., 1996; Sharpley et al., 2003).
Pathogens and nutrients from muck applied near riparian areas or sinkholes can quickly
enter surface and groundwater sources via runoff. As such, applying muck adjacent to these
areas should be avoided. The amount of muck applied should be based on crop
requirements to manage nutrients, particularly nitrogen (N) and phosphorus (P) due to their
linkage to eutrophication. Typical N:P ratios for horse manure without bedding range from
5:1 to 7:1 (ASABE, 2005). According to the University of Kentucky’s Lime and Nutrient
Recommendations (Murdock and Ritchey, 2012), N:P requirements for silage corn (crop
nutrient removal value) is at least 5:1, but requirements are likely to be higher depending on
field management practice (including tillage) and drainage. Nutrient removal values for
1

pastures containing cool-season grasses (tall fescue, bluegrass, timothy, etc.) range from 6:1
(pasture forage) to 7:1 (grass/legume) but are also likely to be much higher depending on the
type of animal foraging and the growth of each animal to be achieved. Because crops need
less P than N (Eghball and Power, 1999), and estimates of N:P ratios for common animal
manures contain much lower ratios (e.g. higher phosphorous levels as N:P ratios for dairy
cattle, hogs, and poultry are 6:1, 5:1, and 3.5:1, respectively (MacDonald, 2007)), P build up
in the soil can occur with manure application if application rates are based on crop N
requirements. If muck is applied to the land in excess of crop requirements, nutrients will be
underutilized and thus will be available for transport in runoff. Operators should also
recognize that nutrient uptake and retention is limited outside of the growing season such as
during the winter months when plants are dormant.
For central Kentucky, where a large portion of the horse industry resides, land
application of muck is challenging in large part because the soils are naturally rich in
phosphorus due to the underlying geology, crops require less phosphorus than nitrogen,
surface and groundwater sources are closely connected due to the karst geology, and the
high value of the land means less is available for manure management (Cressman, 1973;
Eghball and Power, 1999; Currens, 2002). Because of the afore-mentioned constraints
regarding land application and composting of horse muck, an alternative method of disposal
is warranted.
One option that warrants exploration is the conversion of horse muck to biochar.
Biochar is a solid material obtained from the carbonization of biomass (Lehmann, 2007).
The carbonization process is known as pyrolysis, which is the thermal degradation of
biomass under oxygen limited conditions. Pyrolysis of horse muck can convert this waste
stream into a valuable soil amendment. The addition of biochar to soils has resulted in a
complex variety of positive impacts on their physical, chemical, and biological properties.
Biochar has been shown to increase crop yields (Major, 2010; Jeffery, 2011), stimulate
nitrogen fixation (Rondon et al., 2007), improve water holing capacity (Tyron, 1948; Abel,
2013), prevent the leaching of nutrients from the soil (Zheng et al., 2013), immobilize metals
(Mohan et al., 2007) and other environmental toxins such as herbicides and pesticides (Yang
et al., 2010; Cao et al., 2009), volatile petroleum hydrocarbons (Bushnaf et al., 2011),
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), dichlorodiphenyl-trichloroethane (DDT) (Beesley et al., 2011). Biochar use has also been predicted to
2

be a major driving force in sequestering carbon to mitigate climate change (Lehmann et al.,
2006). Interactions with soil biota have increased microbial and fungal biomass (Kolb et al.,
2009; Liang et al., 2010; Pietikainen et al., 2000), and decreased pathogen transport from
manure through soil (Abit et al., 2013; Abit et al., 2012; Bolster and Abit, 2012). Biochar has
been produced from both plant and manure sources with each product possessing unique
and common properties important to predicting their benefits and application strategies.
1.1.1 Origins of Biochar
Research into biochar has stemmed from the interest in crop yield improvements
found in the Amazon River Basin. Soils in this region are typically highly weathered and have
low fertility due to rapid decomposition of organic matter and low nutrient-holding capacity
(Zech et al., 1990; Glaser et al., 2001). High amounts of rainfall cause rapid leaching of
nutrients such as nitrogen from the top layers of soil (Renck and Lehmann, 2004; Steiner et
al., 2008). The native soils are also very acidic allowing high amounts aluminum to become
available to plants, which causes aluminum toxicity (Falcão et al., 2009). However, in some
areas, the soils contain higher amounts of organic matter and exhibit greater fertility than
their weathered counterparts. The soils in these regions are darker in appearance due to the
presence of carbonaceous substances, and locally this soil is called Terra Preta de Indio which
means “Indian dark-earth” (Lehmann et al., 2003; Lehmann et al., 2006). Soils in this region
have high measurements of black carbon (charred biomass) accumulated near the soil
surface as a result of human activity (Neves et al., 2003), but have remained in the soil for
thousands of years (Eden et al., 1984). The origins of the black carbon may come from slash
and burn farming (Glaser et al., 2000), but also may be the result of the incorporation of
grasses, shells, fish and game wastes, human waste, and other waste associated with
communal living (collectively called “middens”) near sites of ancient villages (Lima et al.,
2002; Sombroek et al., 2003).
Terra Preta soils demonstrate several advantages in soil fertility over other soils in
the region, including higher cation exchange capacity (Liang et al., 2006), increased soil
organic matter content (Glaser, 2007), and reduced aluminum toxicity (Falcão et al., 2009).
Research of these soils has prompted scientists to study the effects of pyrolyzed biomass on
soil fertility around the world, including Canada (Husk and Major, 2011), Columbia (Major et
al., 2010), China (Zhang et al., 2011), Laos (Asai et al., 2009), Japan (Ogawa and Okimori,
3

2010), Wales (Jones et al., 2012), Zambia (Cornelissen et al., 2013), Austrailia (Van Zwieten
et al., 2010), and New Zealand (Knowles et al. 2011). Increased fertility and crop yields have
also been seen around the United States, such as Arkansas (Burke et al., 2012), Iowa (Laird
et al., 2010), Georgia (Gaskin et al., 2010), and Tennessee (Edmunds, 2012). These countries
and states represent areas where biochar was used to study soil fertility or crop yields and
does not include the many other topics and benefits associated with biochar use such as
carbon sequestration, contaminant immobilization, reductions in greenhouse gas emissions,
and energy production. The widespread study of biochar and reports of soil improvements
in many different countries indicates that biochar may be beneficial in a multitude of soils in
a wide range of climates, making biochar a valuable product accessible to a worldwide
population.
Studies have also shown biochar to have little effect or negative impacts on plant
growth and varying effects have been seen in studies measuring the reactions of soil biota
and biochar. Gaur and Adholeya (2000) showed that phosphorus uptake by maize host
plants was reduced in biochar media. Reductions in nitrogen availability (immobilization by
bacteria) has been reported after additions of biochar to soil due to biochar-supplied liable
organic carbon, increased beneficial habitats, and other favorable chemical changes (Luo et
al., 2012). Crops grown with biochar produced by hydrothermal carbonization was also cited
to increase the amount of volatile compounds in the soil (due to production using high
pressures) that are detrimental to biological processes. In a study measuring the impact of
HTC biochar on growth of Taraxacum, Rillig et al. (2010) measured reduced plant growth
above 10% concentrations. It is notable that in the same study, HTC biochar increased
mycorrhizal root colonization, indicating that fungi may exhibit less sensitivity to negative
biochar effects. Biochar addition to soil may have direct or indirect negative effects on
arbuscular mycorrhizal fungi in soil due to changes in pH, water availability, toxic mineral,
organic compounds, or decreases in available nutrients due to sorption (Lehmann et al.,
2011).

4

1.1.2 Climate Change
As concerns about climate change have increased, researchers have turned to biochar
for its possible use in long-term carbon sequestration (Lehmann et al., 2006; Laird, 2008).
This is accomplished as CO2 is captured from the atmosphere by plants during their normal
growth. When plant matter is pyrolyzed, certain structures of the plant are resistant to
degradation, in particular the lignin structure, and instead transform into a recalcitrant,
carbon rich substance. If used as a soil amendment, this carbon is stored and removed from
the carbon cycle, potentially for thousands of years as observed in the Terra Preta soils.
Estimations of avoided CO2 emissions are as high as 1.8 Pg per year (Woolf et al., 2010),
with a possible 60 gigatons saved by 2050 (“How Much,” 2008). Because of this, biochar’s
carbon sequestration ability to combat climate change is being explored for the United States
(Bracmort, 2010), United Kingdom (Hammond et al., 2011), Canada (Matovic, 2011), the
European Union (Verheijen et al., 2010), and Africa (Whitman and Lehmann, 2009).
1.1.3 Agronomic Value

1.1.3.1 N Fixation

While biochar is being studied as a promising mechanism to sequester carbon,

researchers have also explored its agronomical and environmental uses. Biochar
incorporated into soils has been shown to increase biological nitrogen fixation, which is the
conversion of atmospheric N2 into ammonia (NH3). Rondon et al. (2007) showed increases
in biological fixation of N2 and biomass increases in the nodules of common beans (Phaseolus
vulgaris L.) with additions of biochar up to 60 g kg-1 in an acid Oxisol. It is believed that
biochar increased the availability of molybdenum (Mo) to both nodulating (N2 fixing) and
non-nodulating (non-N2 fixing) soybeans. Mo is a component of Mo-Fe nitrogenase (Smith,
1977), a key protein in nitrogen fixation. Increases in plant Mo were found for nonnodulating plants as well, but plants with nodules seemed to move Mo from above-ground
plant tissues to the roots for use by microbes (Jongruaysup, 1997; Gupta, 1991) indicating
that molybdenum availability was enhanced by the presence of biochar.

1.1.3.2 Water Holding Capacity

Because of the low density and high pore volume of biochar, increases in water

holding capacity have also been obtained in biochar amended soils. Biochar added to sandy
(Abel et al., 2013; Tryon, 1948), loamy sand (Novak et al. 2009), and silt loam (Karhu et al.,
5

2011) soils showed an increase in water holding capacity. Abel et al. (2013) attributed the
increase in water availability to an increase in pore size distribution as compared to the sandy
soil, especially in the range where water can be held by capillary and adsorptive forces, but
still be available to plants (Abel et al., 2013). When added to clayey soils, a reduction in water
holding capacity was seen (Tryon, 1948). Graber et al. (2010) demonstrated that biochar did
not increase the water holding capacity of soilless media (coconut fiber and tuff at 7:3 ratio),
perhaps due to the high air volume of the coarse fiber media and the inability of the biochar
to modify capillary pathways. Coir dust made from coconut has been cited to have a total
porosity of above 94% (Abad et al., 2005).

1.1.3.3 Nutrient Retention

Biochar may also be used to mitigate the loss of a wide variety of nutrients from

farmland, animal feeding operations, or pastures spread with manure. This can lead to
significant reductions in the amount of pollutants that enter waterways, which has important
implications on the control of water quality impairments, such as eutrophication, due to the
runoff and leaching of nitrates and phosphorous. Nutrients retained or supplied by biochar
can also be beneficial to farmers by relieving growth limitations in nutrient poor soils
(Treseder and Allen, 2002). Zheng et al. (2013) showed that biochar amended soils fertilized
with either nitrate (NO3-) or ammonium (NH4+) reduced nitrate leaching with the use of
either fertilizer. While ammonium leaching was not reduced in ammonium-fertilized soil, the
researchers observed a significant reduction in ammonium leaching from the nitratefertilized soil. They attributed the reductions of inorganic nitrogen (ammonium and nitrate)
to immobilization from increased microbial activity in biochar treated soils compared to the
untreated controls. A reduction in nitrate leaching was similarly seen in biochar amended
columns fertilized with dry swine manure (Laird et al., 2010a). Ding et al. (2010) measured
“unsubstantial losses” (less than 10mg L-1) of nitrate and nitrite from biochar amended soils
fertilized with ammonium chloride over a seventy day period. Biochar may also prevent
leaching of phosphorous from soils into waterways. In a column study measuring the
leaching potential of biochar amended columns, only 5% of the total phosphorous mass
added with dried swine manure leached from the amended column compared to 29% from
the untreated columns (Laird et al., 2010a). The researchers attributed this to the adsorption
of orthophosphate and organic phosphorous to biochar particles.
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1.1.3.4 Soil Microbes

Research also indicates that biochar may interact favorably with soil microbes,

including fungi, bacteria, and invertebrates. Increased association of arbuscular mycorrhizal
fungi (AMF) with plant roots can improve host plant performance and additional root
colonization by AMF (Ishii and Kodoya, 1994). Warnok et al. (2007) identified four key
mechanisms of biochar interaction with mycorrhizal fungi: alterations of soil physicochemical properties, indirect effects through interactions with other microbes (i.e. interaction
with mycorrhization helper bacteria), adsorption of signaling compounds or toxic chemicals,
and lastly, providing physical protection from predators for fungi residing in small pores.
Biochar was shown not to be toxic to earthworms (Eisenia fetida), but there was significant
weight loss measured in worms living in biochar amended soils. However, there were not
significant reductions of lipid content, which indicates that they did not starve or avoid
ingestion (Gomez-Eyles et al., 2011).

1.1.4.2 Herbicides and Pesticides

Biochar has also been studied for its effectiveness to sorb and immobilize herbicides

and pesticides when amended into the soil to prevent leaching from the soil and into
waterways. Contamination of municipal drinking supplies with herbicides has led to
detrimental health effects for humans (Munger et al., 1997) as well as the growth of sensitive
aquatic species (Relyea, 2004; Relyea, 2005). Increased use and over-use of pesticides has
been linked to detrimental economic impacts for farmers as well, mostly through indirect
environmental costs including the destruction of beneficial predators of pests, increased
virulence or resistance of pests, loss of honey bees, poisoning of bird and fish habitats, and
increasing societal costs to remediate damages related to recommended applications of
pesticides (Wilson et al., 2001; Pimentel et al., 1992; Pimentel, 2005).
Sorption of herbicides such as atrazine (Cao et al., 2009), aminocyclopyrachlor, and
bentazone (Cabrera et al., 2014) as well as the pesticides pyrimethanil (Yu et al., 2009),
chlorpyrifos, and fipronil (Yang et al., 2010) have been studied to determine the levels of
immobilization achieved by biochar. A study of the mechanisms by which activated carbon
(AC) and biochar sorb herbicides (organic compounds) and toxic metals was conducted by
Cao et al. (2009). While AC sorbed more atrazine than the biochar (89.8 g kg-1 C-1 AC versus
9.51 g kg-1 C-1 for biochar pyrolyzed at 200oC), dairy manure-derived biochar (pyrolyzed at
200 and 350oC) absorbed more lead and was more effective at adsorbing both atrazine and
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lead simultaneously in soil than soils treated with activated carbon alone. This was due to the
lack of competition between the two contaminants for sorption sites on the biochar versus
the AC.
The AC sorption mechanism of both lead and atrazine was through surface
adsorption including interactions with polar groups (carboxyl, phenolic hydroxyl, etc.) and
complexation. However, it is believed that surface complexation with metals may create
hydration shells of dense water to form (Chen et al., 2007), which prevents organic
molecules such as atrazine from interacting with surface groups. AC sorption of lead and
atrazine was reduced by 35% and 55%, respectively when both contaminants were
introduced simultaneously. In the biochar (pyrolyzed at 200oC), some surface complexation
of lead was reported (13-16% of sorption), but most of the retention of lead was attributed
to precipitation as phosphate and carbonate compounds. Unlike lead, biochar did not
complex with atrazine, and instead partitioned it into the aliphatic (non-aromatic carbon
structure) organic phase (Chen et al. 2008) allowing parallel sorption/complexation and
precipitation reactions to take place. Uptake of atrazine and lead by woodchip biochar
diminished by 7% when both constituents were introduced simultaneously, but still
performed better than AC at simultaneous adsorption. In another study, Cabrera et al. (2014)
examined biochar’s effectiveness for sorption of the herbicides aminocyclopyrachlor and
bentazone. Biochar created from wood chips pellets (slow pyrolysis at >500oC) completely
sorbed almost all of the aminocyclopyrachlor and bentazone added to the amended soils,
attributed to their high surface areas and low dissolved organic carbon (DOC). Less sorption
of bentazone was seen in the macadamia nut biochar, which had a high fraction of DOC
that remained non-humified. In this case, humified material represents the aromatic fraction
of the DOC as determined by spectroscopy as well as calculation of the biochar’s
humification index (HIX; Cox et al., 2000; Peuravuori et al., 2002; Zsolnay et al., 1999). It is
thought that non-humified DOC may be competing for sorption sites (Cox et al., 2000;
Cabrera et al., 2011). DOC may inhibit sorption by blocking pores which prevents access to
sorption sites (Kilduff and Wigton, 1999) or modifies the hydrophobic/hydrophilic
character of soil sorption sites, thereby preventing sorption of other molecules (Cox et al.,
2007).
Yu et al. (2009) used biochar pyrolyzed from hardwood woodchips (Eucalyptus
camaldulensis) at 450oC (BC450) and 850oC (BC850) to study their ability to adsorb the
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pesticide pyrimethanil. They found that sorption increased with increasing concentration of
either biochar, with BC450 sorbing 43.25 mg/kg up to 420.01 mg/kg when amended at
0.1% and 5% (w/w), respectively. Similarly, BC850 sorbed 67.28 mg/kg at the 0.1% mixture
and 428.13 mg/kg at the 5% level. After sorption, pyrimethanil remained strongly sorbed to
both the BC450 and BC850 biochars, with only 13.65% and 1.49% of the initially sorbed
chemical recovered after four ninety-six hour desorption steps. These values were obtained
from soils containing a 5% and 1% amendment (w/w) of BC450 and BC850, respectively,
while over half of the pyrimethanil was recovered from the soil-only controls. The authors
noted that similar sorption capacities could be attained from the biochars, but at different
amendment concentrations in the soil. The sorption capacity of 0.2% BC850 was similar to
using a 1% concentration of BC450, and a 5% concentration was needed to match 1%
BC850. This has important implications for targeting specific uses of biochar as a soil
amendment. The mechanism behind pyrimethanil sorption for this experiment was
attributed to adsorption to the biochar surface as well as adsorption into micropores as
greater sorption capacity was obtained for the biochar with a higher level of microporosity
(BC850).
The sorption of herbicides and pesticides to soils may reduce their bioavailability, but
it can also increase their persistence in the soil. Yang et al. (2010) demonstrated that a
biochar pyrolyzed at 450oC (BC450) and 850oC (BC850) from cotton straw retained 34%
and 68%, respectively, of the pesticide chlorpyrifos from unsterilized soils after a 35 day
incubation and a 1% (w/w) concentration. Similarly, 32% and 58% of the pesticide fipronil
was sorbed by BC450 and BC850, respectively. In addition, the half-life of chlorpyrifos
increased from 21.3 to 55.5 days using 1% BC850, and the half-life of fiipronil increased
from 27.3 to 60.3 days. It was also reported that the half-lives of the two pesticides were 2.23.3 times higher in sterilized soil than unsterilized, indicating the importance of microbial
effects.

1.1.4.3 Heavy Metals

Surface area, porosity, and charged functional groups of biochar make it a prime

candidate as a filter for heavy metals in contaminated soils. Functional groups on the surface
of biochars such as carboxyl and phenol groups may adsorb metals by complexation
(Uchimiya et al., 2011) or ion exchange (Mohan et al., 2007). Mohan et al. (2007) showed
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that ion exchange is the dominant mechanism for uptake of As3+, Cd2+, Pb2+ on biochars
made from wood and bark (oak, pine). Uchimiya et al. (2011) showed a significant
adsorption of Pb2+, Cd2+, Cu2+, and Ni2+ on biochar pyrolyzed from cottonseed hulls, with a
greater sorption capacity as the biochar increased in volatile matter and O/C and N/C
ratios, which are indicators of surface functional groups and aromaticity (Chen et al., 2008).
Cd2+, Cu2+, and Pb2+ was immobilized in soils amended with green waste and chicken
manure biochars, and Cu2+ and Zn2+ were adsorbed from aqueous solution by hardwood
and corn straw biochars (Chen et al., 2011). Biochar appears to quickly adsorb metals from
contaminated solutions, a key benefit for its possible use in remediation or reclamation of
contaminated sites. Chen et al. (2011) showed that 77-83% of the uptake of Cu2+ and Zn2+
occurred in the first 120 minutes of the treatment. Similar timeframes were reported by Liu
and Zhang (2009) in which 95% removal of lead occurred in less than 5 hours, and Mohan
et al. (2007) showed 40-70% removal of lead in the first hour of their study. Sorption of
metals seems to be greatest at high pH (Stumm and Morgan, 2012), when pH dependent
charged surfaces are deprotonated (oxidized) and have an increased electronegativity
(McLean and Bledsoe, 1996). Additionally, the absorption capacity of biochar for lead was
shown to be six time that of activated carbon (Cao et al., 2009), with 680 mmol Pb kg-1
sorbed by biochar pyrolyzed at 200oC versus 93.8 mmol Pb kg-1 sorbed by activated carbon.
1.1.5 Biochar and Microbial Transport
Activated manure can be used as a fertilizer to supply crops with nutrients, replacing
the need for adding synthetic fertilizers. Fresh manure contains high concentrations of live
bacteria, with measurements of fecal indicator bacteria such as E. coli and enterococci on the
order of 106 CFU/ml (Thurston-Enruquez et al., 2005; Unc and Goss, 2004). However, the
number of cells required to initiate diseases in humans can be extremely low. For instance,
human infection by E. coli strain O157:H7 can be as low as 5 to 10 cells (Ziemer et al., 2010).
Rainfall transports bacteria from the manure source across the soil surface as runoff or down
into the soil profile during infiltration. Infiltration can occur very quickly through continuous
macropores or fractures in the soil, known as preferential or bypass flow (Wang et al., 2014;
Nimmo, 2012). Contamination of crops and groundwater from manure application or
inadequate storage methods have led to sickness and deaths in a number of regions
(Swerdlow et al., 1992; Ackers et al., 1998; Licence et al., 2001; Rangel et al., 2005). The
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concern over fecal-borne pathogen contamination of groundwater has necessitated the study
of bacterial transport through soils, with an emphasis on mechanisms that can be exploited
to reduce groundwater contamination. The addition of biochar as a soil amendment may
prove to be an effective method to immobilize pathogenic bacteria before they reach the
saturated zone (Abit et al., 2012; Bolster and Abit, 2012; Abit et al., 2014).
The transport and retention of bacteria rely on complex physical and chemical
properties of the soil environment. Transport of bacteria to the groundwater after infiltration
can be prevented through mechanical sieving within pore necks smaller than the cell, or by
trapping bacteria in discontinuous pores (Abu-Ashour et al., 1994). If bacteria escape
mechanical sieving or are too small to be trapped within pores, then the ability of cells to be
transported depends on the surface characteristics of the bacteria and soil particles.
Transport and retention of bacteria is dominated by surface and solute chemistry as well as
electrostatic charges and hydrophobic forces (Unc and Goss, 2004). In both gram-positive
and gram-negative bacteria, the cellular contents are contained within a phospholipid bilayer,
with the hydrophobic tail pointing inward and hydrophilic end facing the outside of the cell.
Due to the difference in charge and concentration of ions between the inside of the cell and
the environment, bacteria display an overall negative surface charge (Gannon et al., 1991).
Soils are also negatively charged overall, which leads to an electrostatic repulsion between
bacteria and soil particles (van Loosdrecht et al., 1989). However, adhesion of bacteria to soil
particles even under seemingly unfavorable conditions does occur. Original efforts to explain
bacterial attachment relied on a thermodynamic approach, where favorable attachment was
predicted when state of low interfacial free energies between each interacting surface was
reached: bacteria and aqueous phase, aqueous phase and solid phase, and solid phase to
bacteria (Absolom et al., 1983). This method requires the measurement of contact angles
between a sessile drop of liquid on a solid substrate (the angle between the solid substrate
and the drop include the contact with the air or vapor phase) and contact between a drop
and a microbial lawn, and then combining these values using the Young equation (Busscher
et al., 1984). Direct measurement and calculation of the interfacial free energy between the
solid and liquid phase is difficult, and is usually determined through the use of empirical
equations (Neumann et al., 1974). While this model helps explain the occurrence of bacterial
attachment within seemingly unfavorable environments, further studies have elucidated that
there are more factors involved that cannot be explained by surface energies alone (Van Oss,
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1989; van Loosdrecht et al., 1987). Studies have indicated that a layer of free cations, known
as the diffuse electric double layer, is closely associated to the surface of negatively charged
particles (Poortinga et al., 2002). According to Hermannsson (1999), the cationic layer serves
to mask the repulsive force from the negative particle under moderate ionic strength of the
aqueous phase (>500 nM and <1mM) and allows bacteria to move close to the soil particle
(between 0.2 and 20nm, respectively). Once bacteria are within the 20 nm range, attractive
van der Waals forces take over and lead to a temporarily stable (yet reversible) association of
bacteria to soil particles (Camesano and Logan, 2000). The region where attractive forces are
slightly stronger than repulsive forces is known as the secondary minimum (Norde and
Lyklema, 1989), with the primary minimum occurring at particle surface below the electric
double layer where attachment is irreversible (Marshall et al., 1971; van Loosdrecht et al.,
1989). Modeling bacterial adhesion to soil particles through the balance of electrostatic
repulsion and van dar Waals attraction is the basis of the DLVO theory (Marshall et al.,
1971; Rijnaarts et al., 1995; Adamczyk and Weroński, 1999), named and based on the work
of Derjaguin, Landau, Verwy, and Overbeek (Derjaguin and Landau, 1941; Verwy and
Overbeek, 1948). The DLVO theory includes measuring the zeta potential of the interacting
surfaces as well as contact angles to account for the electrostatic effects between the electric
double layer, ionic strength of solution, and the electronegativity of the bacteria and solid
surface (Rijnaarts et al., 1999). Additional important parameters important for bacterial
adhesion continue to be found, resulting in extended DLVO theories (XDLVO; Van Oss et
al., 1999). Acid-base interactions (proton exchange) and hydrophobic/ hydrophilic reactions
of bacteria and solid substrates were found to play a major role in attachment and were
incorporates into transport models (van Loosdrecht et al., 1987). In addition to
incorporating new parameters into extensions of the DLVO theory, new models are
proposed where the classic theory fails to adequately explain or cannot explain outcomes at
the extreme ranges of experimental values, including environments in which measured zeta
potentials predict highly repulsive surfaces, high or low ionic strengths that do not
adequately modify the electric double layer, or protein/appendage mediated surface-bacterial
interactions (Bostrom et al., 2001; Poortinga et al., 2002; Katsikogianni and Missirlis, 2004).
There are many factors that modify the electro-physical state of soils and
subsequently modify bacterial transport. These include soil structure and texture (AbuAshour et al., 1994), water saturation level (Ginn et al., 2002; Sen, 2011), pore size
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distribution (Downie et al., 2009), the composition and ionic strength of solution (Mills et
al., 1994; Bolster et al., 2001; Walker et al., 2004), soil and solution pH (Kim et al., 2008),
charge of the interacting surfaces (Bolster et al., 2006), surface coatings (Bolster et al., 2001),
and soil organic matter.
1.1.6 Economic Considerations
The economic viability of biochar production as a soil amendment or in conjunction
with the sale of pyrolysis byproducts, such as bio-oil, has been estimated by McCarl et al.
(2009), Granatstein et al. (2009), Gaunt and Lehmann (2008), Roberts et al. (2010), Galinato
et al. (2010), Tejerina(2010). A review of these studies and their results has been undertaken
by Spokas et al. (2012). Feedstock production and associated costs vary with the type of
feedstock being produced. Some crops can be grown specifically for feedstock materials,
while the residues and byproducts of other crops are obtained after harvest (e.g. corn stover,
husks and hulls). Costs associated with farming crops include seed, fertilizer, herbicides,
pesticides, irrigation, equipment, fossil fuels, labor, and land value considerations. Manurebased feedstock production include costs related to the growth of the animals whose manure
is being managed, including purchasing and maintaining animal stock, veterinary bills, feed
production or purchase, bedding materials, buildings, machinery, fossil fuels, and labor. On a
supply basis, manure has an advantage as it is produced year-round without major
fluctuations or breaks in production. Manure quantities depend on herd size, age, health, and
diet. Crops exhibit seasonal variability as well as long lengths of time between sewing and
harvesting, and the waiting period after harvest to process the feedstock either from the
plant or waste materials.
There are also costs associated with diverting feedstocks away from their original use
and instead using them for pyrolysis. This is especially true of agricultural crops where
competition already exists between food supplies and alternative fuels such as ethanol.
Similarly, if the end product for pyrolysis is bio-oil or fuels, crops that yield more energy
after pyrolysis such as switchgrass and hybrid poplar would be more economical than corn
or wheat. Removal of residues after harvesting can also lead to nutrient depletion which will
lead to increased costs of fertilizers. A report by the Argonne National Laboratory (Wu et
al., 2006) estimated that the additional fertilizer needs to recover nutrients removed by
harvesting stover were 3.5 kg nitrogen, 1.8 kg phosphorus, and 9.2 kg potassium per metric
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ton of corn stover removed. Removal of stover also leads to a decrease in the amount of
organic carbon in the soil, and without adequate groundcover soils are much more
susceptible to being eroded by water and wind leading to further losses in field fertility
(Mann et al., 2002). Removal of residues has been shown to degrade helpful soil biota
populations (Karlen et al., 1994) and reduce subsequent crop yields (Wilhelm 1986; Wilhelm,
2004). While stover reduction may reduce the need for tillage, the use of stover harvesting
machinery after grain harvesting would also lead to increased stress on the field in the form
of compaction in dry weather or rutting in wet weather, which leads to further soil damage.
Furthermore, harvested residues would need to be prepared for transport which may require
additional machinery, storage requirements, and manpower.
In contrast to crops or agricultural residues, diversion of manure for pyrolysis would
have positive effects for those operations dealing with excess manure requiring transport
away from the farm. Farms already handling animal manures will not need additional
machinery or facilities to collect, store, or load manure for transport. For periods where
demands for manure fertilizer are low, such as during winter months, continuous removal of
manures for pyrolysis may reduce the size requirements of manure storage facilities that
house manure until the spring. Nationwide, of the farmers that grow barley, corn, oats,
soybean, and wheat and utilize manure as a fertilizer, 80% apply manure that has been
produced on their own farm (MacDonald, 2007). As the size of the animal operation
increases relative to crop acreage, the more manure is removed from farms for use or
disposal elsewhere as pasture requires much less manure to satisfy nutrient limits than crops.
In recent years, cattle production has been concentrated into farms which are simultaneously
decreasing the amount of acres dedicated to crops. In fact, 68% of fed cattle production in
the High Plains has no crop acreage (USDA, 2009).
Utilizing manure for pyrolysis may help large farms that specialize in crop
production and who do not have substantial livestock obtain manure. For these farms, it
may be more costly to use manure as a fertilizer source given the quantities needed and
transportation costs involved. Diversion of animal waste toward pyrolysis facilities may be
more cost effective for farmers, especially in regions where fees paid by the farmer to haul
manure to landfills or distant fields are replaced by tipping fees paid to the farmer for
feedstock material. Small farming operations without enough pasture or cropland to spread
all of the manure produced (based on soil testing and crop nutrient requirements) will have
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excess manure that can be sold as a commodity rather than a waste stream that may pose
additional costs. This can also be beneficial for large confined animal feeding operations
(CAFOs), where there is typically no cropland associated with the facility and manure
management is a large cost of operations. Farms with an average of 1,500 cows remove
nearly half of their manure (MacDonald, 2007). CAFOs may see the most beneficial effects
of marketing manure for pyrolysis. However, wastes stored in lagoons will require additional
processing such as drying before the feedstock can be used for pyrolysis.
Overall, the success of the biochar industry at large will also depend upon credits
received for greenhouse gas (GHG) avoided emissions. Offset values are set by both
government and private markets. According to Maneuvering the Mosaic: State of the Voluntary
Carbon Markets, voluntary demand for carbon offsetting increased in 2012 with surveys
showing buyers paying $5.90 per metric ton of CO2, down from $6.2/ton in 2011 (PetersStanley and Thiel, 2013). Comparatively, the United Nations carbon offset price was around
$1/ton. Examples of markets that utilize carbon trading include the Chicago Climate
Exchange (CCX) and the European Climate Exchange (ECX). The true value of GHG
offsets is highly speculative as the market for credits is relatively new and has not gained
widespread acceptance. The American Clean Energy and Security Act of 2009 would have
regulated carbon credits, but was struck down in congress (American Clean Energy and
Security Act of 2009).
1.1.6 Research Needs
While much research on biochar has been conducted, a void exists with regards to
waste from the horse industry. To date, no studies are available on the characteristics of
biochar pyrolized from horse muck or the potential for such biochar to provide
environmental benefits such as water quality protection. If incorporating horse muck based
biochar into the soil could inhibit the transport of pollutants such as pathogens to
waterways, then it is possible that an environmentally beneficial product could be developed
from this waste.

1.2 OBJECTIVES
The goal of this study was to evaluate the potential for using a horse muck derived
biochar to inhibit pathogen transport in soils. Specific objectives were to:
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1. Characterize the physical and chemical properties of two types of horse muck
based biochars and compare these properties to those found in the literature.
2. Evaluate the effectiveness of the two types of horse muck based biochar for
reducing E. coli transport in a soil column.

1.3 ORGANIZATION OF THESIS
Chapter 1 provides an introduction to the thesis. Background information is provided on
waste management issues associated with horses along with information on biochar and its
characteristics and potential uses. This chapter also outlines the objectives. Chapters 2 and 3
provide a detailed description of the studies performed to satisfy the objectives of the thesis.
Chapter 4 discusses the conclusions of the research, and Chapter 5 provided suggestions for
future work. The appendices contain graphics and data not presented in the main text.
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CHAPTER 2: CHARACTERIZATION OF BIOCHARS PRODUCED
FROM TWO TYPES OF HORSE MUCK AND DAIRY MANURE
2.1 INTRODUCTION
Kentucky is home to over 200,000 horses located on over 35,000 operations such as
farms, ranches and boarding, training, and riding facilities (NASS, 2012). For these equine
operations, manure management is an important part of ensuring the proper health of the
horses as well as adequate handling of excess nutrients and pathogens in manure. One horse
may produce up to 36 kg of muck (a combination of manure, urine and bedding) per day.
On a daily basis, horse muck must be removed from stalls and disposed, usually through
temporary storage and then subsequent land application to crop or pasture lands. Land
application of muck provides an effective means of reclaiming nitrogen, phosphorus, and
potassium that is lost from the animal’s diet for plant growth and soil health. However,
careful consideration of the risks and negative consequences of utilizing horse muck is
required. For instance, in central Kentucky much of the phosphorus supplied by horse muck
may not be utilized by crops or cool-season grasses due to the naturally high phosphorous
contents of soils, which stems from the underlying geology (Cressman et al., 1973). Careful
management of muck applications is required in order to prevent the excess buildup of
phosphorous which may be lost to runoff (Sharpley et al., 2005; Hooda et al., 2000; Higgins
et al., 2012; Higgins et al., 2014; Parvage et al., 2014; Withers et al., 2014). Runoff containing
phosphorous can lead to eutrophication of rivers and lakes, damaging rich natural
ecosystems and causing potential health hazards for humans (Daniel et al., 1994; Sharpley et
al., 1994; Carpenter et al., 1998; Bennett, et al., 2001; Withers et al., 2014). In addition to
phosphorus, horse muck applied near riparian areas or sinkholes can lead to rapid
contamination of surface and groundwater by manure-borne pathogens or excess nutrients
(McDowell and Sharpley, 2001; Sophocleous, 2002; Weidong et al., 2007; Tomaskinova and
Tomaskin, 2014). Composting muck may also be an effective management tool for reducing
the risk of nutrient or pathogen contamination, but it requires the use of specialized
equipment and facilities which increases the cost of manure management for farms with
multiple horses (NRAES, 1992).
An alternative management strategy that may reduce the environmental impact and
health safety risks for the disposal of horse muck is to convert it into biochar. Biochar is a
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solid material obtained from the carbonization of biomass, and it can be used as a soil
amendment to provide a variety of agronomic benefits (Lehmann, 2007; Singh et al., 2010a).
Biochar has been shown to increase crop yields (Major et al., 2010; Jeffery et al., 2011),
stimulate nitrogen fixation (Rondon et al., 2006), improve soil water holing capacity (Tyron,
1948; Karhu et al., 2011; Abel et al., 2013), prevent leaching of nutrients (Laird et al., 2010b;
Singh et al., 2010b; Zhang et al., 2013), increase soil cation exchange capacity (Liang et al.,
2006; van Zwieten et al., 2009), and reduce pathogen transport (Bolster and Abit, 2012; Abit
et al., 2012, Abit et al., 2014). Charred biomass (biochar) has been shown to break down very
slowly over time after addition to soils (Novotny et al., 2009; Glaser and Birk, 2012). The
breakdown of modern-day biochar is estimated to be on the order of hundreds to thousands
of years (Spokas, 2010; Fang et al., 2013; Watzinger et al., 2013). The resistance of biochar to
degradation allows for a means of capturing carbon from the atmosphere (through the
uptake of CO2 by plants and subsequent uptake and excretion by animals as waste) and
storing it in the soil, effectively removing carbon from the carbon cycle and helping in the
fight against climate change (Sohi et al., 2009; Bracmort, 2010).
Not all biochars have shown positive effects after incorporation into soil. In one
study, several earthworms were found dead within five days after being added to soil pots
mixed with poultry litter biochar, possibly linked to the increase in pH (Liesch et al., 2010).
In a similar study, Gomez-Eyles et al. (2011) determined that while biochar reduced total and
bioavailable polyaromatic hydrocarbon (PAH) concentrations in contaminated soils,
earthworm (E. fetida) weight loss was more severe than in soils without biochar. Biochar
additions to soil may have direct and indirect negative effects on arbuscular mycorrhizal
fungi in soils due to factors such as changes in soil pH and water availability, release of toxic
minerals to harmful organic compounds, and decreases in the availability of nutrients dues to
irreversible sorption to biochar surfaces (Lehmann et al., 2011). A study by Beesley et al.
(2010) reported that while biochar reduced the overall phytotoxicity of PAH and heavy
metal contamination to perennial rye-grass (Lolium perenne L. var. Cadix), it also increased the
amount of Zn, As, Cu, and Cd in soil pore water to varying extents. Studies have also shown
that the process by which biochar is pyrolyzed can play a major part in its effects on the
environment. In particular, biochar produced by hydrothermal carbonization (HTC) may
have increased amounts of volatile compounds (due to production using high pressures) that
are detrimental to biological processes. In a study measuring the impact of HTC biochar on
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the growth of dandelion (Taraxacum officinale), Rillig et al. (2010) measured reduced plant
growth where there were additions of biochar above 10% concentrations in soil.
While many studies have identified the benefits of utilizing biochar, research has also
indicated significant differences exist in its base characteristics. The wide range of feedstock
types and pyrolysis conditions used to produce biochars leads to varied results regarding
their effects in soil environments (Singh et al., 2010a; Sohi et al., 2010). General trends have
emerged that link biochar characteristics to agronomic benefits. For instance, biochars
pyrolyzed at higher temperatures tend to have much higher contents of recalcitrant carbon,
which can be used to assess the amount of carbon that can be removed from the
atmosphere (Tenenbaum, 2009). Higher pyrolysis temperatures also increase the porosity
and pore-size distribution of biochar, leading to an increase in the water holding capacity of
soils (Tyron, 1948; Piccolo et al., 1996; Karhu et al., 2011). Biochars pyrolyzed at higher
temperatures tend to be alkaline (Singh et al., 2010a; Rajkovic et al., 2011; Cantrell et al.,
2011) and can elevate soil pH (Major et al., 2010; Van Zwieten et al., 2009; Biederman and
Harpole, 2013). Biochars pyrolyzed at lower temperatures tend to contain a greater percent
of amorphous carbon and volatile matter (Cantrell et al., 2011; Ronsse et al., 2013), which
leads to increased sorption capacity for toxins in soils (Cao et al., 2009) as well as stimulation
of microbes in the environment (Pietikäinen et al., 2000; Lehmann et al., 2011; Gregory et
al., 2014). Biochars made from woody feedstocks tend to have less ash content than either
manure-based or herbaceous biochars (Enders et al., 2012), while manure-based biochars
tend to have higher pH values (Rajkovich et al., 2011) and nitrogen contents (Ro et al., 2010;
Cao et al., 2010; Singh et al., 2010a), and lower variations in volatile matter (Enders et al.,
2012).
Prior to this study, research concerning the characteristics of biochar derived from
horse muck was not available in the literature. The objective of this study was to characterize
the physical and chemical composition of two horse-muck derived biochars pyrolyzed at
700oC, where one source of muck contained straw bedding (HS) and the other a pine
woodchip bedding (HW). Dairy manure (D) was also collected and pyrolyzed to biochar at
700oC and characterized for comparison against the horse muck biochars as several
bovinate-manure biochars are published in the literature (Cantrell et al., 2011; Cao and
Harris, 2010; Sinclair et al., 2008; Rajkovich et al., 2011).
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2.2 METHODS
2.2.1 Sample Collection and Pyrolysis
Samples of horse manure combined with woodchip bedding and dairy manure were
obtained from the University of Kentucky’s Coldstream Research Farm (latitude: 38.118779,
longitude: -84.500036) north of Lexington, Kentucky. The horses boarded at the Coldstream
Research Farm ranged in ages between three and five years, were fed with a diet of hay
(unknown combination of warm season grasses), and were bedded with pine woodchips.
The Coldstream Research Farm dairy cattle were Holstein lactating cows with an average
weight of 635 kg and at a milk-producing rate of about 40 kg milk per day. Dairy cattle were
feed a mix of alfalfa hay (full and mid-bloom), corn silage (50% grain), whole cottonseed,
and proprietary herd ration. Horse manure samples containing wheat straw bedding were
acquired from the University of Kentucky’s Oran C. Little Research Center in Woodford
County, Kentucky (latitude: 38.078453, latitude: -84.738269). The horses from the Oran C.
Little Research Farm were between the ages of six months to four years and were fed mixed
hay including orchard, fescue and timothy grasses. These horses were also fed with at least
473 mL per day of whole oats containing alfalfa pellets. A mineral supplement containing
brine salts and trace minerals (Zn, Fe, Mn, Cu, Fe and Co) was also supplied through a salt
lick block.
Horse manures were collected using a shovel by scooping manure, bedding material,
and any associated urine and leftover feed that may have been mixed in the bedding directly
from the stall floors. Manure samples were placed into 19 L buckets. Both types of manure
samples (HS and HW) contained high volumes of bedding compared to solid manure (515% solid manure v/v estimated visually). Dairy manure, including any associated urine, was
shoveled into 19 L buckets directly from a concrete lot where cows were fed, which was
adjacent to the pasture and barns. No bedding was obtained in these samples. Samples were
transported to the University of Kentucky’s Biosystems and Agricultural Engineering
Department for drying prior to shipment to the United States Department of AgricultureAgricultural Research Service (USDA-ARS) facility in Florence, South Carolina for pyrolysis.
Horse manure samples were air-dried at room temperature for 3-5 days while dairy manure
samples were dried overnight in an oven at 15.5°C to reduce excess moisture prior to
shipping.
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At the USDA-ARS facility, horse manure samples containing straw and woodchip
bedding were further dried at 60oC in a convection oven for approximately three days. The
HS and HW feedstocks were then ground through a Wiley Mill (Thomas Scientific,
Philadelphia, PA) equipped with a 2 mm screen. Once ground, samples were dried overnight
at 103oC and moisture contents were determined in triplicate using the techniques described
in ASAE S358.2 (ASAE, 1988). No grinding or additional drying was performed on the dairy
manure samples before determining moisture content. The moisture contents of the
biochars prior to pyrolysis were 4.4 ± 0.36 wt.% for HS, 5.5 ± 0.46 wt.% for HW, and 17.1
± 1.47 wt.% for the D.
Dried samples were placed in ceramic bowls (25 cm diameter, 7.6 cm depth) and
pyrolyzed at 700oC maximum temperature in a Lindburg electric box furnace equipped with
a gas tight retort (Model 51662; Lindburg/MPH, Riverside, MI). Owing to the large amount
of material that required pyrolysis, samples were divided into multiple ceramic bowls for
pyrolysis. The HS and HW samples were divided into four ceramic bowls each while the D
sample was divided into seven bowls due its more densely-packed nature. All samples were
maintained at a temperature of 200oC for 1 hour, and then increased at a ramp of +8.33oC
min-1 over one hour (500oC per 60 min) until a temperature of 700oC was reached. Samples
were maintained at a temperature of 700oC for 4.67 hours. The temperature was then
decreased at a controlled rate of -10oC per minute for one hour until temperatures reached
100oC. This temperature (100oC) was maintained for an additional 45 minutes to allow
temperatures throughout the samples to equilibrate. Throughout the pyrolysis process, N2
gas was added to the pyrolysis chamber at a flow rate of 1 L min-1 resulting in a rate of 0.04
retort exchanges per minute. Four replicates each of the HS and HW biochars were
produced while seven replicates of the D biochar were produced. A larger number of D
biochar replicates was produced because the dairy manure was more densely packed into a
19 L bucket as compared to the HS and HW samples. As such, the dairy manure required
further division to produce biochar.
2.2.2 pH and Specific Conductivity
The pH and specific conductivity (SpC) of the biochar samples (HS, HW and D)
were determined using methods described by Rajkovich et al. (2011). Briefly, 1g of biochar
and 20 mL of deionized water were placed in a 50 mL centrifuge tube. Centrifuge tubes were
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capped and shaken at 100 rpm for 1.5 hours to allow for equilibration. The pH was
determined using an Orion combination pH probe (Thermo Electron Corp., Beverly, MA),
and SpC measurements were determined using a YSI 556 Multi-Probe System (YSI
Environmental, Yellow Springs, OH). All analyses were performed in triplicate.
2.2.3 X-ray Diffraction (XRD) Analysis
X-ray diffraction (XRD) was performed using a Bruker-AXS Discover
Diffractometer (Madison, WI) located in the Kentucky Geological Survey at the University
of Kentucky. Quantitative analyses of XRD peaks were performed using EVA (Evaluation)
16.0.0.0 software by Bruker-AXS (1996-2010). The samples were scanned from 2-70°with a
step size of 0.02° and a scan speed of 1° min-1. A wavelength of 1.54 Å (Cu Kα) was used.
Search criteria using the EVA software were set to favor simple patterns (i.e. patterns with
the least matching peaks) in order to aid in the identification of uncomplicated well-known
minerals previously reported in biochar literature (AMMRF, 2013). During the pyrolysis
process, some crystalline structures may have been poorly formed or degraded. Therefore, all
quality marks were selected in EVA to obtain suggested hits that may only slightly differ
from the sample’s peaks. Only structural patterns were examined to exclude any
experimental patterns that are available in the mineral database of the EVA software.
Identification of minerals in the samples was carried out by comparing the peak intensity
readouts from each sample with the suggested matches provided by the database search.
Mineral patterns were identified based on matching both the interatomic spacing (d-spacing)
and relative intensities measured as I/Io, or the peak with the highest intensity divided by the
next highest, and so forth. Because of the irregular d-spacing and amorphous nature of the
biochar samples, few patterns were suggested by the EVA software. Therefore, the XRD
patterns were compared with published XRD patterns for biochar, activated carbons, and
biomass materials (Thygesen et al., 2005; Azargohar et al., 2006; Girgis et al., 2007; Cao and
Harris, 2010; Herrera et al., 2010; Keiluweit et al., 2010; ; Singh et al., 2010a; Cheng et al.,
2011; Yuan et al., 2011; Kim et al., 2012; Kloss et al., 2012; Wu et al., 2012; Al-Wabel et al.,
2013; Zhang et al., 2013; Xu et al., 2014).
2.2.4 Scanning Electron Microscopy (SEM) Analysis
Scanning Electron Microscopy (SEM) analyses of the biochar samples was
conducted using a Hitachi S-4300 Cold Field Emission Scanning Electron Microscope
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(Hitachi High Technologies America, Inc., Schaumburg, IL) at the Electron Microscopy
Center within the University of Kentucky’s College of Engineering. Sample measurements
were taken using an accelerated voltage of 6 kV, and a probe current of 10 µA. Working
distance was set to 14.9 mm, and a 1000x magnification (50-100µm range) was used.
2.2.5 Nutrient and Elemental Analysis
Elemental and trace metal analyses, after acid digestion (9mL nitric acid, 3mL HCl)
followed by inductively coupled plasma-optical atomic emissions spectroscopy (ICP-AES;
Vista Pro, Varian Inc., Palo Alto, CA), were conducted on the biochar samples. Only one
replication was performed due to time constraints. Total nitrogen (TN) and total carbon
(TC) (only one replication was performed) were determined by the Division of Regulatory
Services at the University of Kentucky. TN and TC were determined by oven-drying the
samples at 38oC and grinding to pass a 2 mm screen (Nelson and Sommers, 1982). A sample
of 0.5 g was weighed into a porcelain boat and injected into a LECO TruMac Nitrogen
Analyzer (LECO Corporation, St. Joseph, MI), which measures N2 and CO2 gas emission
upon combustion. Comparisons were made between the elemental and nutrient
measurements of the biochars created for this study with biochars and unpyrolyzed
feedstocks from the published literature. Due to the large temperature dependence of
elemental values of biochars, only those biochar pyrolyzed at 500oC and above (i.e. moderate
to high temperature biochar) were used in the comparison as these biochars are considered
chemically different than biochar created at 400oC and below (Novak et al., 2009).
2.2.6 Extractions for Ionic Chromatography
Extractions using deionized water were conducted on the biochar samples to
measure the amounts of orthophosphate (PO4-P), sulfate (SO4-S), nitrite (NO2-N), nitrate
(NO3-N), and chloride (Cl-) released. One gram of biochar was added to a 50 mL centrifuge
tube in which 20 mL of deionized water were also added. Analyses were conducted in
triplicate, and 20 mL deionized water without biochar was analyzed as a control. The
concentration of ions present in the deionized water was subtracted from the results of each
biochar analyses to account for the addition of ions from the water solvent. Centrifuge tubes
were capped and placed on a shaker set to 100 rpm for 1.5 hours. After shaking, samples
were centrifuged at 1000 rCF for 10 min. The supernatant was poured into a separate, empty
centrifuge tube for filtering and analysis. Each weight was noted before and after the pour. A
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second round of extractions was conducted with 20 mL of deionized water as above in order
to obtain any remaining ions within the biochar samples, with the resultant secondary
supernatant poured into a separate empty centrifuge tube. To prepare extractions for analysis
using ionic chromatography (IC; ICS 3000, Dionex Corp., Sunnyvale, CA), each sample tube
was shaken vigorously for five seconds. A sample of 3 mL was passed through a syringe
attached to a 0.45 µm filter and then injected into 1.5 mL IC vials which were then capped
and stored at 0oC for up to 1 day before analysis. Final values represent the extracted
compound (in ppm) minus the concentrations found in the deionized water control.
2.2.7 Particle Size Analysis
Particle size analyses were conducted using two methods. The first method consisted
of using a sieve series with the order numbers 25, 35, 40, 45, 60, 100, and 325 with openings
of 710 µm, 500 µm, 425 µm, 355 µm, 250 µm, 150 µm, and 45 µm, respectively. Twenty-five
grams of biochar was added to the top of a stack of pre-weighed sieves. The stack of sieves
was vibrated for 5 minutes on a Ro-Tap® Model E Test Sieve Shaker (W.S. Tyler, Mentor,
Ohio). Each sieve was weighed again to determine the particle fraction remaining on each
screen. A pan at the bottom of the series was used to collect and weigh the particle fraction
smaller than 45 µm. Measurements were only taken once. The cumulative mass distribution
was graphed, and the fractions of particles at or below a specific mass percentage were
determined for the series of particles with diameters D10, D16, D30, D50, D60, D84 and D90
(subscripts in mm).For particles smaller than 150 µm, particle size analysis was performed
using a Portable Laser In Situ Scattering and Transmissometry (LISST) machine (Sequoia
Scientific, Inc., Bellevue, WA) utilizing laser diffraction techniques as described in AWWA
Standard No. 2560D and ISO-13320 (APHA, AWWA and WEF, 1999; ISO, 2009). Particles
are suspended in water and passed through 32 detecting rings within the device. Each of the
32 rings corresponds to a characteristic angle which permits the determination of particle
size. The mode was set to assume a random particle size (instead of assuming a spherical
shape) to account for the irregular shape of biochar particles (Agrawal et al., 2008). The
maximum solution volume for the analyzer is 175 mL, therefore approximately 0.10 g of
biochar was added to 175 mL of deionized water and mixed thoroughly prior to placement
in the LISST. The LISST computed the percent of particles that were at or below specific
diameters (subscripts in mm) in the series: D10, D16, D30, D50, D60, D84 and D90.
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2.2.8 Surface Area Analysis
Surface areas were determined at the Center for Applied Energy Research (CAER) at
the University of Kentucky in Lexington, KY. A Micromeritics ASAP 2020 Physisorption
Analyzer (Micromeritics, Norcross, GA, USA) was used to measure surface areas. Surface
area calculations were based on the Brunauer-Emmett-Teller (BET) method (Fagerlund,
1973). Each measurement required about 450 mg of sample. Samples were degassed at
160oC overnight and then subjected to isothermal N2 adsorption-desorption at 77 K prior to
analysis.
2.2.9 Statistical Analysis
For instances of triplicate samples (pH, SpC, PO4-P, SO4-S, NO2-N, NO3-N, and Cl), one-way analysis of variance models (ANOVAs) were used to compare differences in
characteristics of the biochars examined in this study (HS, HW and D) (Systat Software,
Inc.). Tukey’s HSD was used to compute significant differences post hoc. A significance
level of p=0.05 was used.

2.3 RESULTS AND DISCUSSION
2.3.1 Recovery Yield, pH, and SpC
Biochar recovery is shown in Table 2.1. Recoveries (% dry) of the HS and HW
biochars were consistent with other reported manure-based biochar recoveries at 700oC,
which were about one-third of the mass of the original feedstock (Novak et al., 2009;
Cantrell et al., 2011). Novak et al. (2009) reported recovery rates of 36% for poultry litter
pyrolyzed at 700°C. Cantrell et al. found recovery rates between 32 and 39% for manurebased biochars (dairy, bovine, poultry, swine and turkey) pyrolyzed at 700°C. The average
recovery of biochars produced from bull manure, dairy manure, pine, and food waste
converged at 23% when pyrolyzed at 600oC (Enders et al., 2012). The recovery of HS
biochar was higher (not significantly) than that of HW, which was unexpected due to the
higher lignin content of woods as compared to wheat straws (Pekarovic et al., 2006). Lignin
is more resistant to degradation during pyrolysis, and feedstocks with a greater fraction of
lignin have been shown to yield more biochar (Demirbas, 2004). The D biochar had the
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Table 2.1. Mean biochar1 recovery rates, pH and specific conductance (SpC). Values in
parentheses are standard deviations.
Feedstock
HS
HW
D

1Pyroloysis

2

Recovery (dry wt.%)
37.8 (0.34, n=4) a3
32.5 (0.69, n=4) a
23.1 (4.36, n=7) b

Moisture
content (% wt.)
(n=3)
4.4 (0.36) b
5.5 (0.46) b
17.1 (1.47) a

pH (n=3)
10.87 (0.05) b
10.82 (0.01) b
11.94 (0.03) a

SpC
mS cm-1
(n=3)
1.84 (0.24) b
2.64 (0.36) a
3.64 (0.11) a

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.
3Statistical differences in column indicated by differing letter.
2HS=horse

lowest recovery, which was likely due to the significantly higher moisture content as well as
the lack of lignin-containing bedding material.
All three biochars exhibited alkaline pH values (Table 2.1), which were consistent
with other poultry and bovine manure-based biochars pyrolyzed at temperatures between
300 and 850oC (Gaskin et al., 2008; Granatstein et al., 2009; Kolb et al., 2009; Novak et al.,
2009; Spokas et al., 2009; Singh et al., 2010; Lehmann et al., 2011; Rajkovich et al., 2011;
Sinclair et al., 2011; Uzoma et al., 2011; Cantrell et al., 2012; Enders et al., 2012) (Figure 2.1).
The mean pH values of the HS and HW biochars were similar, with levels of 10.87 and
10.82, respectively. All three biochars exhibited slightly higher pH values than poultry and
biochars pyrolyzed at 700oC which both ranged from 9.9-10.3 (Cantrell et al., 2011; Novak et
al., 2009). The mean pH of the D biochar was notably higher at 11.94, which was higher
than published values for biochar made from bovine feedstock (Kolb et al., 2009; Uzoma et
al., 2011; Rajkovich et al., 2011; Cantrell et al., 2011; Enders et al., 2012). Due to the alkaline
pH, manure-based biochars may provide liming capabilities when used as a soil amendment
in acid soils, but further research is needed to determine the ability of biochar pH to elevate
soil pH (Beesley et al., 2011). Refer to Appendix A for pH values obtained from the
literature.
Specific conductance (SpC) is useful as an indicator of the concentration of
dissolvable salts and charged species (including Na+, K+, Mg+2, Ca+2, Cl-, and SO4-2), nonionic solutes, and ions that combine to form ion pairs within soil (Corwin and Lesch, 2003;
Corwin and Lesch, 2005). Measuring the SpC of the leachates from biochar may provide
insights into nutrient loss/retention in soil after amendment with biochar. The SpC of the
horse muck biochars measured in water followed the order D>HW>HS (Table 2.1). The
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Figure 2.1. pH and pyrolysis temperature trends for bovine and poultry manure based
biochars (Gaskin et al., 2008; Granatstein et al., 2009; Kolb et al., 2009; Novak et al., 2009;
Spokas et al., 2009; Lehmann et al., 2011; Rajkovich et al., 2011; Sinclair et al., 2011; Uzoma
et al., 2011; Cantrell et al., 2012; Enders et al., 2012 and Griffith, 2015) and horse muck
based biochar (Griffith, 2015). HS=horse muck with straw bedding, HW=horse muck with
woodchip bedding, and D=dairy manure.
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mean SpCs from the D and HW biochars were significantly greater than that of the HS
biochar. All three biochars exhibited specific conductivity values which were consistent with
poultry and bovine manure based biochars pyrolyzed at temperatures between 300 and
850oC (Leisch et al., 2011; Singh et al., 2010; Rajkovich et al., 2011; Sinclair et al., 2011;
Cantrell et al., 2012) (Figure 2.2). Cantrell et al. (2011) found a high correlation (R2 of 0.84)
between SpC and concentrations of (K+Na) in biochar samples. The concentration of
K+Na for the biochars examined in this study also followed the pattern of D>HW>HS,
with values of 50.97, 44.05, and 40.07 g kg-1, respectively. Novak et al. (2009) found that the
addition of biochar to soil columns caused an increase in the loss of monovalent cations (K
and Na) into leachates of deionized water over a 67 day incubation period. However, the
concentrations of multivalent cations (Ca, Mg, Mn, and Zn) in leachates decreased over 27
days, and continued to decrease or were unaffected after 67 days. These findings may
indicate that biochar promotes the release potassium and sodium into the soil environment,
while absorbing other cations and charged molecules. Refer to Appendix A for SpC values
obtained from the literature.
2.3.2 X-ray Diffraction Results
Mineral identification, such as through XRD analysis, is useful in determining plant
and microbial access to mineral nutrients. The minerals that are contained within a specific
biochar may vary depending on the pyrolysis temperature. For instance, the mineral
whewellite is utilized by both plants and animals and may play a significant role in the carbon
cycle (Stephens, 2012). XRD analysis has revealed the presence of whewellite in eucalyptus,
poplar and conocarpus biochars pyrolyzed between 200-400oC; at pyrolysis temperatures
greater than 400oC, whewellite is degraded to calcite (Singh et al., 2010a; Kloss et al., 2012;
Al-Wabel et al., 2013). Identification of whewellite and other minerals may allow for the
tailoring of biochar pyrolysis conditions to suit specific needs such as supplying nutrients
and minerals to the soil or avoiding unwanted soil reactions (Gaskin et al., 2009; Singh et al.,
2010b). XRD analysis is also useful in determining the organization and structure of carbon
as organized turbostratic packets, or as disorganized or unpyrolyzed organic material
(Azargohar and Dalai, 2006; Girgis et al., 2007; Cao and Harris, 2010).
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Figure 2.2. Specific conductance and pyrolysis temperature trends for bovine and poultry
manure based biochars (Leisch et al., 2010; Singh et al., 2010; Rajkovich et al., 2011; Cantrell
et al., 2012 and Griffith, 2015) and horse muck based biochar (Griffith, 2015). HS=horse
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.
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Table 2.2 contains a summary of the minerals identified in the HS, HW and D
biochars using XRD. The XRD graph of the HS biochar showed an intense peak at 2θ (o)
position 26.52, which indicates the presence of quartz (SiO2) (Figure 2.3). The high intensity
of the quartz peak suggests a large fraction of quartz was present in the sample. These
finding are consistent with those reported by Kloss et al., (2012) in which SiO2 made up 6.5
wt.% of straw-derived biochars pyrolyzed at 525oC in that study. No distinguishable peak for
quartz was found for the HW biochar (Figure 2.4). The silica content of wood is very low,
while that of grasses and straws from cereal grains is high (Ma and Yamaji, 2006; Pekarovic
et al., 2006). An intense sharp quartz peak was also found in the XRD spectra of peanut
straw derived biochars pyrolyzed at 300, 500, and 700oC by Yuan et al. (2011), which was
confirmed by FTIR-PAS (Photoacoustic Fourier Transform Infrared Spectroscopy)
indicating that SiO2 was well crystallized. The same study did not find quartz within biochars
made from soybean, canola, or corn straw pyrolyzed at 300, 500, or 700oC. This finding was
most likely due to the difference in the uptake of silicon by the roots of different plant
species (Ma and Yamaji, 2006). The D biochar showed the presence of quartz (Figure 2.5),
with a sharp peak at 26.52o, similar to that found in dairy manure pyrolyzed between 200500oC by Cao and Harris (2010). A peak at 20.70o indicates the presence of gypsum
(CaSO4·H2O) (Xu et al., 2014). This peak was present for the HS biochar but not the D or
HW biochars. The presence of sylvite (KCl) in the D biochar (at 28.22o and 40.36o ) but not
in the HS or HW biochars may be related to the much higher leachable (soluble) Cl- amounts
in D than HS and HW biochars (refer to Section 2.3.5). Sylvite was identified by Singh et al.,
(2010a), Kloss et al., (2012), Yuan et al., (2011), and Zhang et al., (2013) within leaf, wheat
straw, canola, and giant reed biochars, respectively. Peak at 29.28o and 29.16° were identified
in the HS and D biochars, respectively, indicating calcite (CaCO3) formation, similar to
results presented by Yuan et al. (2011) and Cao and Harris (2010), but was not found in the
HW biochar.
Whitlockite (Ca9(MgFe)(PO4)6(PO3OH)) was found in dairy manure biochar
pyrolyzed at 500oC (Cao and Harris, 2010). Herrera et al. (2010) found both whitlockite and
apatite (Ca5(PO4)3(F,Cl,OH) in dairy manure ash (ashing at 550oC overnight). Whitlockite is
related to a larger class of phosphate minerals, which also includes apatite where F-, Cl-, or
OH- is interchangeably associated with the Ca-PO4 structure. Whitlockite was identified in
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Table 2.2. Minerals identified in the HS, HW and D biochars1 using XRD.
Biochar
Feedstock2
HS

HW

D
1Pyroloysis

2HS=horse

Gypsum
Quartz
Calcite
Carbon (turbostratic, organic
matter)
Carbon (turbostratic, organic
matter)
Quartz

CaSO4·H2O
SiO2
CaCO3

Peak at 2θ
(°)
20.70
26.52
29.28

C

23.32

C

23.32

SiO2

Sylvite

KCl

Calcite
Whitlockite

CaCO3
Ca9(MgFe)(PO4)6(PO3OH)

26.52
28.22,
40.36
29.16
31.54

Minerals Identified

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.

the D biochar pattern (at 31.54o) but a strong peak for apatite (at 40.59o) was not present.
Whitlockite and apatite were not found in the HS or HW biochars. These findings were
unexpected because PO4-P was below the detection limit for the D biochar, as measured by
ionic chromatography of water extractions, while PO4-P was extracted from the HW and HS
biochars (refer to Section 2.3.5). These results could indicate that phosphorous compounds
in the D manure are bound within mineral structures but are loosely bound in leachable
forms in the other biochars. Chemical speciation modeling computed by Herrera et al.,
(2010) indicated that whitlockite was relatively insoluble within the first of ten subsequent
water extractions of dried dairy manure. Herrera et al. (2010) noted that high concentrations
of Ca2+ and Mg2+ prevented dissolution of whitlockite until calcium and magnesium
concentrations decreased in subsequent extractions. By comparing the elemental and water
extraction analysis (Section 2.3.5) with the XRD results in this study, it appears that some of
the phosphorous within the D biochar was stored in a relatively water-insoluble form
associated with Ca2+ and Mg2+ such as apatite, whitlockite, and possibly other non-detected
minerals (Herrera et al., 2010). Zhang et al., (2013) also found that phosphates become more
crystallized with increasing temperature due to associations with Ca2+ and Mg2+. Many
studies have found that the concentration of Mg2+ and Ca2+ (as well as P, Si, K+, and other
ion minerals) within biochars increases as the temperature of pyrolysis increases (Ozçimen
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Figure 2.3. X-ray diffraction (XRD) analysis strongly suggested the presence of gypsum
(20.70°), quartz (26.52°), calcite (29.28°), and turbostratic carbon (hump centered on 23.32°)
in the HS biochar.
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Figure 2.4. X-ray diffraction (XRD) analysis did not identify any strong peaks through
turbostratic carbon (hump centered on 23.32°) identified in the HW biochar.
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Figure 2.5. X-ray diffraction (XRD) analysis strongly suggested the presence of quartz
(26.52°), sylvite (28.22° and 40.36°), calcite (29.28°), and whitlockite (31.54°) in the D
biochar.

800
700
600

Intensity

500
Quartz
400
Sylvite
300
Calcite
Whitlockite

200

Sylvite

100
0
0

10

20

30

40

2 (°)

34

50

60

70

80

and Ersoy-Meriçboyu, 2010; Singh et al., 2010a, Cantrell et al., 2011; Kloss et al., 2012; AlWabel et al., 2013). A broad featureless hump centered near 23.32o can be seen in both the
HS and HW graphs (Figures 2.3 and 2.4) indicating poorly formed graphitic structures, likely
to be turbostratic carbon (Keiluweit et al., 2010). Turbostratic carbon in pyrolyzed wood
may be more crystalline than grasses (Keiluweit, 2010) which can also be seen in comparison
of the HW and HS biochars. Turbostratic carbon was also identified by Girgis et al. (2007) in
activated carbons derived from sugarcane bagasse pyrolyzed between 600 and 800oC, and in
eucalyptus wood, leaves, and poultry manure pyrolyzed above 400oC (Singh et al., 2010a). In
this study, a very shallow and broad peak in the dairy manure biochar may signify the
presence of turbostratic carbon, but was not strongly indicated. A strong peak for
turbostratic carbon was also absent in dairy manure derived biochars from Singh et al.
(2010a) and Cao and Harris (2010). Turbostratic carbon packets may be a significant source
of micropores in biochar due to voids in the hexagonal planes and unequal spacing between
aromatic planes (Downie et al., 2009).
Cellulosic material can also be indicated as a broad hump between 18-25o (Kloss et
al., 2012; Thygesen et al., 2005; Cheng et al., 2011) which overlaps the diffraction range of
turbostratic carbon, or as a broad peak in the lower region of 12-15o (Cheng et al., 2011; Wu
et al., 2012; Kloss et al., 2012). A broad peak was seen for HW and D between 5-18o and
between 5-15o for the HS biochar, possibly signifying unpyrolyzed organic matter (Keiluweit
et al., 2010; Kloss et al., 2012), and future studies might determine the amount of
unpyrolyzed cellulose remaining in the biochar using calculations of this peak area.
2.3.3 Scanning Electron Microscopy (SEM) Results
The scanning electron microscope (SEM) images showed a mixture of granular and
lignocellulosic particles for the HS, HW and D biochars (Figure 2.6) (Appendix A). Many of
the lignocellulosic particles have visible capillary structures at the edges of long particulates.
SEM images of a pine and poplar biochar by Zhang et al. (2013) showed similar closelyspaced pores which were residuals from the raw materials. The HS biochar showed a
mixture of small herbaceous materials, the largest with a length of about 500 µm, mixed with
a much larger fraction of small particulates and granular manure material. This finding was
similar to a corn stover and corn cob biochar pyrolyzed at 500oC by Mullen et al. (2010)
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Figure 2.6. SEM images showing HS, HW and D biochars. (a) HS biochar at 80x
magnification. Image shows a large concentration of long lignocellosic material vs granules
indicative of manure. (b) 300x magnification of HS biochar lignocellosic material. (c)70x
magnification of HW biochar showing large pieces of woody material, as compared to the
HS and D biochars. (d) Tip of woody material at 500x magnification showing pores and pits
in HW biochar. (e) 80x magnification of D biochar showing prevalence of granules and fine
particles. (f) 1,200x magnification of D biochar granule showing pores in the size range of 215 µm.

(a)

(b)

(c)

(d)

(e)

(f)
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which contained large particles about 500 µm in length with much smaller particles
surrounding the background. General views of the HS biochar showed large amounts of
very small particulates in the material as well. A wheat straw biochar pyrolyzed at 525oC
contained a similar high fraction of small particulates, with the largest particles reaching
approximately 200 µm in length (Bruun et al., 2012). Bruun et al. (2012) prepared the
feedstock by grinding the material to sizes smaller than 1.4 mm to avoid diffusion barriers
and temperature gradients while the HS biochar began with particles nearing 2 mm. The
residence time of the wheat straw biochar during pyrolysis in Bruun et al. (2012) was
approximately 5 hours with a maximum temperature of 525oC while the HS biochar was
pyrolyzed at nearly 8.5 h with 4 h of 700oC temperature. The combination of size as well as
the presence of ash in the manure and straw bedding may be attributed to the retention of
large particles in the HS biochar as large particle sizes reduce the heat transferability and ash
reduces the liquefaction of biochar (Demirbas, 2004; Han et al., 2013). The HW biochar
contains much larger particulates than the HS or D biochars due to incomplete combustion
of woodchips in the feedstock material, on the order of 500-1000 µm. This result was similar
to a hardwood biochar (Beesley et al., 2011), which showed several large particles (500-1500
µm) with a background of very small particulates. A high lignin content in feedstock
materials increases biochar recovery and fixed carbon yield (Demirbas, 2004), with
hardwoods containing about 23-30 dry wt.% of lignin (Pekarovic et al., 2006). Lastly, the D
biochar showed a highly disordered mix of granules. Some of the granules contained visible
pores indicative of plant structures from the animal’s diet. However, most of the structures
had an amorphic appearance. The literature contains very few SEM images of manurederived biochars, and none could be found of biochar using dairy manure as a feedstock. A
SEM image of a sewage sludge-derived biochar pyrolyzed at 550oC showed a granule very
similar in size and appearance to those in the D biochar (Lu et al., 2012).
2.3.4 Nutrient and Elemental Analysis Results
Nutrient and elemental analysis of the HS and HW biochars pyrolyzed at 700oC
showed many similarities despite expected differences between the biochars due to the
bedding material (Table 2.3). A difference in dietary intake as well as the type and amount of
bedding material used as a feedstock to produce the biochars likely played a role in the
nutrient and elemental outcome of the biochar products.
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Table 2.3. Nutrient and elemental analysis results for HS, HW and D biochars1.
Nutrients/elements
C
Ca
K
Mg
N
P
Cu
Fe
Mn
Zn
Al
Cd
Na
Pb

1Pyroloysis

2HS=horse

Biochar Feedstock2
HS
HW
D
----------------- Non-mineral nutrients (% wt.) ----------------56.9
79.5
50.4
----------------- Mineral macronutrients (% wt.) ----------------4.0
3.0
7.8
2.7
2.8
2.8
0.4
0.2
0.9
1.3
1.2
1.4
1.4
1.2
2.0
----------------- Mineral micro nutrients (mg kg-1) ----------------41.2
39.8
77.1
10,958
9,910
9,275
7,663
7,310
6,630
165
237
195
-1
----------------- Non-nutrients and Toxins (mg kg ) ----------------33,266
30,202
28,615
0.5
0.3
0.4
13,565
15,695
22,705
83.4
80.2
75.6

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.

2.3.4.1 Non-mineral Nutrients

As expected, a high concentration of carbon was present in all biochars due to the

loss of oxygen and hydrogen during pyrolysis (Cantrell et al., 2011). The HW biochar
contained the highest percentage of carbon (79.5%); the HS and D biochars contained 56.9
and 50.4% carbon, respectively. Wood, containing higher fractions of lignin over cellulose
than wheat straw (Pekarovic et al., 2006), is more resistant to thermal degradation and leads
to higher yields of fixed carbon during pyrolysis (Demirbas, 2004). The higher carbon
content of the HW biochar could be attributed to the lignin-rich pine wood, which served as
the source of bedding. The bedding material of the HS biochar was wheat straw, which
would have contained a low fraction of lignin. Additionally, low ash feedstocks such as wood
tend to produce higher yields of fixed carbon than those with higher ash content such as
straw (Enders et al., 2012). The carbon content of the HW biochar was close to that of other
pine wood biochars (84.0±2.4%, n=5) found in the literature for biochars pyrolyzed at
temperatures of 500°C or greater (Gaskin et al., 2008; Rajkovich et al., 2011; Zhang et al.,
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2013) (Table 2.4) (Appendix A). The carbon content of the HS biochar was lower than that
of two wheat straw biochars pyrolyzed at 525oC (73.8±5.9, n=2) (Bruun et al., 2012; Kloss et
al., 2012), but resembled that of other herbaceous biochars pyrolyzed at temperatures of
500°C or greater (65.4±17.6%, n=29) (Table 2.4; Appendix A). The carbon content of the D
biochar was more similar to values reported in the literature for bovine biochars (50.0±23.2,
n=7), but like the HS and HW biochars, was generally higher than those for poultry biochar
(33.6±13.3, n=12) (Table 2.4).

2.3.4.2 Mineral Macronutrients and Micronutrients

When used as a soil amendment, mineral nutrients present in biochars may become

available to plants and microbes. Differences in mineral amounts, especially between
micronutrients and trace metals, are likely due to variations in diet, animal maturity, and
animal intestinal microbiome. The HS and HW biochars did not differ greatly in mineral
macronutrients except for magnesium, where HS contained almost twice as much as HW.
The HS biochar also contained approximately 30% more calcium than HW, but the two
biochars were nearly equal in potassium and nitrogen content (Table 2.3).The D biochar was
similar to the HS and HW biochars in regards to potassium, but it contained greater
amounts of calcium (50-60%), magnesium (60-75%), nitrogen (15-20%) and phosphorus
(30-40%) than the HS and HW biochars. Calcium levels for HS and HW biochars were
generally similar to values reported for bovine biochar (3.5±3.0, n=7) while calcium levels
for the D biochar were between that of bovine and poultry biochars. Both herbaceous and
woody biochars had lower reported calcium levels (Table 2.4). Potassium contents were
generally similar between the HS, HW and D biochars and bovine (2.5±1.2, n=6) and
herbaceous (2.3±1.5, n=10) biochars. Poultry biochars generally had higher potassium levels
(5.0±1.8, n=6) while woody biochars generally had lower levels (0.2±0.1, n=1). HS, H and
D biochars generally contained less magnesium than bovine (1.4±0.9, n=7) and poultry
(1.2±0.2, n=6) biochars but similar levels to herbaceous (0.3±0.4, n=8) and woody (0.2±0.2,
n=11) biochars. The nitrogen values obtained in this study were similar to those reported for
biochars derived from bovine (1.6±0.9%, n=6) and herbaceous (1.0±0.7, n=27) feedstocks
(Table 2.4; Appendix A). Poultry feedstocks exhibited higher nitrogen contents on average
(2.0±1.1, n=12) while lower nitrogen contents were reported for woody feedstocks
(0.3±0.3%, n=15) (Table 2.4; Appendix A). HS, HW and D biochars contained similar
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Table 2.4.Nutrient and elemental values of biochars (mean±stdev) from the literature.
Biochar Feedstock
Nutrients/elements
Bovine
Poultry2
Herbaceous3
Woody4
----------------- Non-mineral nutrients (% wt.) ----------------50.0±23.2,
63.4±17.6,
80.7±9.9,
C
33.6±13.3, n=12
n=7
n=29
n=16
H
0.9±0.0, n=2
2.0±1.8, n=6
4.1±7.1, n=13 5.6±9.5, n=8
O
5.7±2.2, n=2
9.3±7.9, n=7
7.1±5.4, n=13 7.9±2.8, n=8
----------------- Mineral macronutrients (% wt.) ----------------Ca
3.5±3.0, n=7
10.7±9.1, n=6
0.5±0.4, n=7 1.5±2.6, n=11
K
2.5±1.2, n=6
5.0±1.8, n=6
2.3±1.5, n=10 0.2±0.1, n=11
Mg
1.4±0.9, n=7
1.2±0.2, n=6
0.3±0.4, n=8 0.2±0.2, n=11
N
1.6±0.9, n=6
2.0±1.1, n=12
1.0±0.7, n=27 0.3±0.3, n=15
P
1.2±0.9, n=7
3.2±0.7, n=8
0.3±0.3, n=22 0.0±0.1, n=11
S
0.2±0.2 n=4
1.0±0.4, n=7
0.1±0.1, n=6
0.2±0.4, n=8
----------------- Mineral micro nutrients (mg kg-1) ----------------B
21.1±1.5, n=2
96.5±5.0, n=2
33.9±0.3, n=2 5.6±1.9, n=2
Cl
--5
-5,600, n=1
93±113, n=2
Cu
120±67, n=4
762±322, n=4
19.0±0.0, n=2 16.7±3.5, n=3
7,327±8,171,
18,728±25,109,
125±106, n=2
Fe
1,175±35, n=2
n=4
n=4
482±348,
304±65, n=2
Mn
893±149, n=4
134±4, n=2
n=3
Mo
6.3±3.7, n=3
11.6±2.1, n=2
--5,150±2,579,
208±243, n=9
Na
14,305±8,882, n=7 452±556, n=10
n=6
285±175,
468±778, n=3
Zn
850±134, n=4
36.5±0.7, n=2
n=4
----------------- Non-nutrients and Toxins (mg kg-1) ----------------3,017±2,503,
107±72, n=3
Al
8,024±6,601, n=4 2,770±57, n=2
n=3
As
1.7±0.9, n=2
97.8±96.5, n=2
--Cd
0.02, n=1
0.7±0.5, n=3
--20.0±20.0,
10.6±10.1,
Cr
33.2±28.4, n=4
3.8±0.2, n=2
n=3
n=2
13.5±10.4,
14.5±10.4,
Ni
25.1±12.1, n=4
6.2±5.9, n=2
n=4
n=3
Pb
1.3±1.6, n=3
---Si
----1

1Sources:

Sinclair et al. (2008), Kolb et al. (2009), Cao and Harris (2010), Cantrell et al. (2011), and Rajkovich et
al. (2011)
2Sources: Chan et al. (2008), Gaskin et al. (2008), Novak et al. (2009), Spokas et al. (2009), Ro et al. (2010),
Cantrell et al. (2011), Lehmann et al. (2011), Rajkovich et al. (2011), and Uchimiya et al. (2012)
3Sourses: Zhang et al. (2004), Gaskin et al. (2008), Novak et al. (2009), Spokas et al. (2009), Lehmann et al.
(2011), Rajkovich et al. (2011), Yuan et al. (2011), Bruun et al. (2012), Kloss et al. (2012), Prendergast-Mill et al.
(2013), and Zheng et al. (2013)
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4Sources:

Zhang et al. (2004), Gaskin et al. (2008), Spokas et al. (2009), Singh et al. (2010a), Lehmann et al.
(2011), Rajkovich et al. (2011), Kloss et al. (2012), Al-Wabel et al. (2013), Zhang et al. (2013), and Krull et al.
(2014)
5No data reported.

levels of phosphorus as those reported for bovine biochars (1.2±0.9, n=7), but generally
lesser levels than poultry biochar (3.2±0.7, n=8) and greater levels than herbaceous (0.3±0.3,
n=22) and woody (0.0±0.1, n=11) biochars. Elemental sulfur was not measured by ICP, but
leaching of sulfur in the form of SO4 is discussed in the Section 2.3.5.
The content of mineral micronutrients was similar between HS and HW for copper,
iron and manganese, but HW contained 30% more zinc than HS. It was known that the
horses in the wheat straw bedding stables, which was the feedstock for the HS biochar, were
supplemented with zinc which may account for some of the difference. The D biochar
contained similar levels of iron and manganese as the HS and HW biochars, but about 50%
more copper. Zinc levels in the D biochar were in between those of the HS and HW
biochars. Copper levels were generally lower for the HS, HW and D biochars are compared
to bovine (120±67, n=4) and poultry (762±322, n=4) biochars but were generally greater
than herbaceous (19.0±0.0, n=2) and woody (16.7±3.5, n=3) biochars. Iron levels of the HS,
HW and D biochars were comparable to values reported in the literature for bovine
(7,327±8,181, n=4) and poultry (18,728±25,109, n=4) biochars. Herbaceous (1,175±35,
n=2) and woody (125±106, n=2) biochars had lower reported iron levels. Manganese levels
for all three biochars examined in this study were greater than those reported in the literature
for bovine, poultry, herbaceous and woody biochars. Zinc levels for the HS, HW and D
biochars were comparable to bovine (285±175, n=4) and woody (468±778, n=3) biochars,
but were less than those reported for poultry biochars (850±134, n=4) and more than those
reported for herbaceous biochars (36.5±0.7, n=2).
2.3.4.2.1 Carbon to Nitrogen (C:N) Ratio
The ratio of carbon to nitrogen content, known as the C:N ratio, is a useful
parameter in predicting the reaction of soil microbes to changes in nutrient balances from
cover crops and fertilization. Decomposing matter with a higher C:N ratio (greater than 30
or 35:1) causes soil microbes to scavenge and immobilize soil nitrogen in order to break
down the added carbon, thus reducing nitrogen availability to plants (USDA, 1977). The C:N
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ratio for HW was found to be 68:1. This value was much lower than that found for biochars
with pine-only feedstocks (Appendix A), where values range from 366-834 (Gaskin et al.,
2008; Rajkovich et al., 2011, Zhang et al., 2013), but was closer to the mean of several
biochars analyzed by Chan and Xu (2009). The lower C:N ratio was likely due to the higher
retention of nitrogen at 1.2%, which could be attributable to manure and urine present in the
HW biochar, versus other pine-based biochars with nitrogen contents of much less than 1%.
The higher nitrogen content of the HW biochar was somewhat unexpected given the high
pyrolysis temperature of 700oC. The volatilization of nitrogen may have been reduced by the
combination of bedding and manure, perhaps transforming nitrogen compounds into more
recalcitrant forms (Knicker et al., 1996). The HS biochar had a calculated C:N of 45.
Published data of wheat straw biochar pyrolyzed at 525oC by Bruun et al. (2012) showed a
C:N ratio of 46, similar to the HS biochar C:N ratio found in this study, while another wheat
straw biochar pyrolyzed at 525oC by Kloss et al. (2012) reported a much higher C:N ratio of
75. The lower C:N ratio of the HS biochar (Appendix A) indicated a higher retention of
nitrogen or higher loss of carbon during pyrolysis. The C:N ratio of pinewood-only biochar
produced by Zhang et al. (2013) produced at 550oC and Gaskin et al. (2008) produced at
500oC were 390:1 and 372:1, respectively, much higher than the C:N ratios found in this
experiment. The D biochar contained a C:N of 35, which was in agreement with the study
by Cantrell et al. (2012) who obtained a C:N value of 38 after pyrolysis of dairy manure at
700oC.
High C:N ratios (e.g. C:N>30) may indicate that such biochars could be detrimental
to plant growth once incorporated with the soil as heavy increases in carbon without
substantial increases in nitrogen content will stimulate bacterial scavenging of soil N to make
up for the discrepancy, competing with growing crops for this nutrient (USEPA, 2003).
However, due to the high recalcitrance of the carbon in biochars, only marginal reactions are
expected, and results to date are mixed. In a study measuring nitrogen fixation by Phaseolus
vulgaris L. (common beans), Rondon et al. (2006) showed an increase in bean yield by 46% at
90 g kg-1 addition of biochar to soil, but also a simultaneous decrease in biomass production
and total N uptake. Rajkovich et al. (2011) reported an increase in corn biomass using animal
manure biochars as a soil amendment, but a 92% decrease in biomass for biochar made
from food wastes.
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2.3.4.3 Non-nutrients and Toxins

Mineral non-nutrients such as aluminum and mineral toxins including cadmium and

lead can be found in plant biomass and may subsequently be consumed by animals. This
phenomenon may result in accumulations within herbaceous and animal manure biochars.
The aluminum and lead contents of the HS, HW and D biochars were similar (within about
15% or less), while the cadmium content of the HS biochar was almost twice the amount
found in the HW biochar and about 20% more than the D biochar. The amount of lead
contained in the HS, HW and D biochars was much higher than that of biochar pyrolyzed
from other manures, with values of 83.4, 80.2, and 75.6 mg kg-1, respectively. However this
level of lead does not exceed the EPA’s standard for lead in bare soil, which is 400 mg kg-1
by weight in play area soil and 1,200 mg kg-1 in non-play area soil (EPA 40 CFR 745). Multiyear applications of biochar could raise the lead content of topsoil which is susceptible to
erosion and runoff unless protected (e.g. best management practices such as cover crops). As
small amounts of biochar are mixed with large amounts of soil, the lead content will undergo
further dilution, so the potential for lead accumulation is low. However, at this time it is
recommended that amended soils be closely monitored and appropriate adjustments to the
feedstock/biochar must be made to reduce the content of lead and other metals in some
biochars.
Sodium in soils affects plants osmotic potential by reducing the ability of plants to
uptake water as sodium content increases outside of cells leading to decreased growth and
yield (USDA, 2010). Additionally, high sodium concentrations interfere with potassium
uptake, affecting critical protein synthesis pathways (Blumwald, 2000). Because of these
effects, the addition of sodium to soils through biochar application should be monitored
especially in drought-stricken areas or with saline-intolerant crops. Sodium levels were
greatest for the D biochar (22,705 mg kg-1) followed by the HW and the HS biochars (15,695
and 13,565 mg kg-1, respectively). The sodium levels in the HS, HW and D biochars were
greater than those reported for herbaceous (452±556, n=10) and woody (208±243, n=9)
biochars, generally greater than bovine biochars (5,150±2,579, n=6), and similar to poultry
biochars (14,305±8,882, n=7).
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2.3.5 Ionic Chromatography Extraction Results
Results of the ionic chromatography extractions are shown in Table 2.5. One-third
of the total ions measured were not released in the first extraction. This finding may indicate
a potential extended release of ions into the soil after application of biochar materials,
leading to prolonged positive or negative effects of leachates on plants or microbes. NO2-N
and NO3-N were not detected in any of the extracted biochar samples, which may be due to
volatilization of nitrogen compounds during pyrolysis with the remaining nitrogen content
transforming into more recalcitrant forms (Knicker et al., 1996; Wang et al., 2012). The total
amount (extraction 1 plus extraction 2) of chloride ion extracted from the HW biochar
leachate was 4.48 mg g-1, 73% higher than the amount extracted from HS (2.60 mg g-1). The
total amount of chloride leached from the dairy manure biochar was 20.47 mg g-1, much
higher than either the HW or HS biochars. This result was expected for lactating dairy cows,
where high ion intakes (Na+, K+ and Cl-) are important for both water retention and milk
yield (Silanikove et al., 1997). The addition of biochar containing chloride ions may be
beneficial for plant growth, as chlorine is an important micronutrient in plant growth
(Broyer et al., 1954; Johnson et al., 1957), however, high concentrations may cause a
reduction of nitrification by microbes in soil (Megda et al., 2014).
Total phosphate released by HS and HW biochar was 0.06 mg g-1 (0.002 µM) and
0.67 mg g-1 (0.021 µM), respectively. No phosphate ions were detected in the D biochar
leachate. Phosphate is believed to play an important role in the transport and retention of
pathogenic bacteria (Abit et al., 2012). Even low concentrations of phosphate (100 µM) can
cause an increase the transport of bacteria by lowering the zeta potential and increasing the
energy barrier between soil particles and bacteria (Wang et al., 2011). Wang et al. (2011)
found that 23.1% more E. coli O157:H7 cells were mobilized in sand columns over the
control using phosphate at 100 µM and at an ionic strength of 10 mM. Mobilization
increased by 32.3% over the control when phosphate levels were increased to 1,000 µM.
Elemental sulfur is an essential element for the growth and functioning of plants
(Kopriva et al., 2009). Sulfate was leached from the HS and D biochars in similar amounts,
Table 2.5. Ionic chromatography (IC) extraction results (means ± standard deviations) for
the HS, HW and D biochars.1 All tests were performed in triplicate.
Constituents

Extraction 1
Biochar Feedstock2
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Control3

HS
PO4-P
SO4-S
NO2-N
NO3-N
Cl-

0.04±0.01 b4
0.09±0.00 a
nd
nd
2.02±0.02 c

HS

HW
D
-1
----------------- mg g ----------------0.48±0.01 a
nd5 c
nd
0.09±0.00 a
nd
nd
nd
nd
3.48±0.04 b
17.89±0.08 a
Extraction 2
Biochar Feedstock2
HW
D
----------------- mg g-1 ----------------0.19±0.01 a
nd
nd
0.02±0.00 a
nd
nd
nd
nd
1.0±0.02 b
2.58±0.31 a

Constituents
PO4-P
SO4-S
NO2-N
NO3-N
Cl-

0.02±0.00 b
0.02±0.00 a
nd
nd
0.57±0.01 c

Constituents
PO4-P
SO4-S
NO2-N
NO3-N
Cl-

Total (Extraction 1 + Extraction 2)
Biochar Feedstock2
HS
HW
D
-1
----------------- mg g ----------------0.06±0.01 b
0.67±0.02 a
nd
0.11±0.00 a
nd
0.11±0.00 a
nd
nd
nd
nd
nd
nd
2.60±0.03 c
4.48±0.05 b
20.47±0.33 a

nd
nd
nd
nd
nd d

Control3
nd
nd
nd
nd
0.02±0.04 d

Control3
nd
0.01±0.00 b
nd
nd
0.02±0.04 d

1Pyroloysis

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.
3Control=deionized water.
4Statistical differences within in row indicated by different letter.
5nd indicates not detected.
2HS=horse

but was below the detection limit for the HW biochar. Sulfate is usually found in aqueous
solution, and therefore could reside in the liquid fraction of biochars as an anion. However,
it is also possible that sulfate was bound in mineral form such as gypsum (CaSO4.2H2O) (Xu
et al., 2014). XRD results identified a peak for gypsum in the HS biochar, but there was not
strong evidence of a peak for the D or HW biochars. In soil incubation experiments, Ro et
al., (2011) noted that the presence of sulfate reduced the amount of methane production
from flooded soils, indicating additional benefits of biochar amendments to rice paddy
fields.
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2.3.6 Surface Area Results
The surface area of biochar is responsible for many of its beneficial properties,
including adsorption of herbicides (Cao et al., 2009), pesticides (Yang et al., 2010), heavy
metals (Mohan et al., 2007), and other environmental toxins (Bushnaf et al., 2011; Beesley et
al., 2011). Biochar surface area is linked to increasing soil water holding capacity (Novak et
al., 2009; Laird et al., 2010a; Karhu et al., 2011), and increases in microbial growth and
diversity (Lehmann and Rondon, 2006; Kolb et al., 2009). Biochar surface area is derived
mainly from micropores (pores with diameters <2 nm), and varies with feedstock and
pyrolysis temperature (Downie et al., 2009). Pores develop in biochar through the loss of
volatile matter and re-structuring of particle surfaces beginning with dehydration and
followed by the loss of small gaseous molecules such as CO2, CO, CH4, H2, and C2 (Blasi et
al., 2008), OH and aliphatic groups (Kloss et al., 2012), and nitrogen compounds including
HNCO, HCN, and NH3 (Hansson et al., 2004). Increasing pyrolysis temperatures is thought
to increase the porosity and surface area of biochar. As seen in Figure 2.6, the surface areas
of biochars varied widely, and may not solely depend on maximum pyrolysis temperature.
The HW and HS biochars had much smaller surface areas than expected given the
high pyrolysis temperatures. Surface areas from representative high-temperature biochars
(pyrolysis temperature >500oC) are shown in Table 2.7. The surface area of HW was 0.4 m2
g-1, while wood-based biochars seemed to produce products with surface areas ranging from
40.4-642 m2 g-1 with an average value of 332 m2 g-1 (Table 2.7). The HS biochar surface area
(4.5 m2 g-1) was similar to that of corn stover biochar produced at 815oC (Spokas et al.,
2009). Other authors that have produced biochars with lower-than-expected surface areas
have cited pore filling by fusion of molten ash (Azargohar and Dalai, 2006; Novak et al.,
2009; Ronsse et al., 2013; Dunman et al., 2013), filling with volatile matter (Lua et al., 2004),
blockage by liquefied oils from lignin and cellulose (Bourke et al., 2007), or breakdown of
pore walls (Downie et al., 2009) as reasons for the lower surface area values. It is feasible
that the lack of surface area for the HS and HW biochars comes from the combination of
bedding materials and manure, with particles containing higher surface area becoming
Figure 2.7. Biochar surface area (m2) versus pyrolysis temperature (°C).1
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Table 2.6. Surface areas of HS, HW and D biochars.1
Feedstock
HS
HW
D
Dairy Manure
Poultry Litter
Dairy Manure
Paved Feedlot (Cow)
Poultry Litter
Swine Solids
Turkey Litter
Turkey Manure +
Woodchip (ash)

Pyrolysis
Surface Area
Source
2 -1
Temperature (°C)
(m g )
700
4.5
Griffith (2015)
700
0.4
Griffith (2015)
700
179
Griffith (2015)
----------------- Manure Biochars ----------------Cao and Harris
500
12.5
(2010)
Lehmann et al.
600
94.0
(2011)
700
187
Cantrell et al. (2012)
700
1,140
Cantrell et al. (2012)
700
9.0
Novak et al. (2009)
700
4.1
Cantrell et al. (2012)
700
66.7
Cantrell et al. (2012)
850

4.8

Spokas et al. (2009)

----------------- Woody Biochars ----------------Oak
500
92.0
Zhang et al. (2004)
Spruce
525
40.4
Kloss et al. (2012)
Poplar
550
211
Zhang et al. (2013)
Pine
550
220
Zhang et al. (2013)
Lehmann et al.
Oak
600
642
(2011)
Zimmerman et al.
Cedar
650
490
(2010)
Zimmerman et al.
Pine
650
394
(2010)
Red gum
850
566
Yu et al. (2009)
----------------- Herbaceous Biochars ----------------Corn Stover
500
38.0
Zhang et al. (2006)
Switchgrass
500
62.2
Novak et al. (2009)
E. Salinga
550
228
Krull et al. (2014)
Lehmann et al.
Corn Stover
600
527
(2011)
Giant Reed
600
50.0
Zheng et al. (2013)
Zimmerman et
Sugar Cane Bagasse
650
117
al.(2010)
Pecan Shell
700
222
Novak et al. (2009)
Corn Stover
815
4.4
Spokas et al. (2009)
clogged with oils, ashes, or particles from the other feedstock materials during pyrolysis. The
surface area of D biochar was similar to that of Cantrell et al. (2012), who also pyrolized
dairy manure at 700oC. Clogged pores have been reopened through CO2 activation, steam
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activation, and chemical treatment using KOH (Pastor-Vellegas and Durán-Valle, 2002;
Azargohar and Dalai, 2008).
2.3.7 Particle Size Analysis Results
The sieve analysis revealed that the particle sizes for the three biochars ranged from
<45 µm to >710 µm, with particles in the largest fraction (> 710 µm) accounting for less
than 0.4 percent by weight of each biochar. The feedstock material of each biochar was
ground to pass a 2 mm (2,000 μm) mesh before pyrolysis, indicating that most of the
particles decreased in size by over 60%. The median particle diameter for each biochar was
127.3 μm, 184.5 μm, and 146.5 μm for HS, HW, and D, respectively (Table 2.7) (Appendix
A). Over 99% of the particles in the HS and HW biochar and 98% of particles in the D
biochar had a diameter of 500 µm or less, with the largest percentage of particles occurring
in the 45-250 µm range. The D10 for the HS biochar and both the D10 and D16 of the D
biochar were unable to be determined as this fraction passed through the smallest sieve
diameter (45 µm).
To further assess the smallest fractions of each biochar, a LISST analysis was utilized
on biochar particles that passed through a Standard 100 mesh sieve (<150 µm in diameter)
(Table 2.8). The 80.5 µm fraction accounted for 26.5 and 25.2% of the total sample for the
Table 2.7. Sieve analysis (D10-D90) results of HS, HW and D biochars (μm).1, 2
Category
D10
D16
D30
D50
D60
D84
D90

1Pyroloysis

Particle Size (μm)
HW
49.8
70.5
119.1
184.5
212.1
296.3
332.7

HS
nd3
45.6
69.3
127.3
151.8
232.1
259.3

D
nd
nd
70.8
146.5
188.3
313.5
353.7

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.
3nd indicates not detected.
2HS=horse

Table 2.8. LISST analysis (D10-D90) results (mean ± standard deviation) of HS, HW and D
biochars (μm).1, 2, 3
Category

Particle Size (μm)
HW (n=4)

HS (n=6)
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D (n=3)

1Pyroloysis

D10
D16
D30
D50
D60
D84
D90

24.7±0.7
31.1±3.3
53.1±3.9
76.8±1.3
82.1±0.9
107.8±0.4
117.7±0.4

24.1±0.2
26.8±0.2
44.6±1.1
71.8±0.7
77.8±0.2
95.8±1.1
106.9±1.3

12.3±0.3
16.3±0.5
25.2±0.4
48.3±0.9
61.3±1.4
99.3±1.3
114.9±1.4

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.
3Only particles less than 150 μm were used in the LISST analysis.
2HS=horse

HS and HW biochars, respectively. The D biochar distribution contained less-pronounced
peaks and a wider distribution range (Appendix A). The smallest particle size detected within
each biochar using the LISST analysis had a minimum diameter of 8.61 µm, 10.2 µm, and
5.24 µm for the HS, HW, and D biochars, respectively. However, the cumulative volume of
particles under 10.2 µm in diameter for the D biochar was 5.5%, suggesting caution should
be used when handling this biochar if it is released into the air through transport, handling,
or application without further processing (42 U.S.C. Section 7408).
Biochar particle size is determined by feedstock preparation and pyrolysis conditions.
Faster heating rates and short residence times require smaller particle sizes in order to fully
char the material. Changes in particle sizes and shape occur during pyrolysis and include
shrinkage, attrition, melting, and fusion (Cetin et al., 2004). Attrition lowers the strength of
the material, making it fragile and prone to breaking into smaller particles (Downie et al.,
2009). Differences in feedstock materials affect the size and shape of the resulting biochar.
Understanding the resulting particle size distribution of biochar is important in determining
their usefulness in fast pyrolysis methods that extract bio-oils or heat energy for electricity
generation (Bridgwater et al., 1999). Some fast pyrolysis systems require the removal of
particles larger than 2 mm to avoid slow pyrolysis and secondary reactions that reduce biooil or gas reactions (Bridgwater et al., 1999; Bridgwater et al., 2002), therefore feedstock
materials that are easier to process into fine powders would be more beneficial to these
processes.
Few studies have examined the links between biochar particle sizes and their effects
in agricultural systems. Lehmann et al. (2003) found that no differences in crop yields
between incorporating biochar particles 2 mm or 20 mm in diameter. Biochar particles have
been shown to move downward through soil after application, potentially contaminating
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groundwater or contributing to turbidity. Zhang et al. (2010) determined that the mass of
particles smaller than 10 µm was significant in effluent of biochar amended sand columns,
but those particles could be retained by decreasing solution pH and/or increasing solution
ionic strength. Additionally, the presence of humic acid and iron oxyhydroxide coatings on
quartz has been shown to aid in the retention of biochar nanoparticles (<0.1 µm), with
increasing humic acid and iron oxyhydroxide coatings increasing retention (Wang et al.,
2013). Particle size may play an important role in how biochar can be used to combat
greenhouse gas emissions from amended soils. Methane emissions were completely
suppressed with biochar ground to <1 mm and added at 20 g kg-1 to forage grass stands
(Rondon et al., 2005, Lehmann, 2007). However, smaller biochar particles have also been
shown to become mineralized faster, potentially releasing the captured carbon as CO2 back
into the atmosphere. Carbon mineralization rates of particles <0.25 mm were 1.5 times
greater than particles >0.25 mm, even though they shared a similar surface area
(Zimmerman, 2010)
Classification of biochars based on their particle size distribution has been proposed
by the International Biochar Initiative (IBI) based on ASTM method D2862-10, “Standard
Test Method for Particle Size Distribution of Granular Activated Carbon” (ASTM, 2010).
The IBI proposes that biochar manufacturers declare the percent weight fractions with
ranges of <420 µm, 420-2,380 µm, 2,380-4,760 µm, and >4,760 µm. It is unknown if these
delineations are agriculturally relevant, and published particle size distributions of biochar are
not consistent (Appendix A).
Particle size distribution is also important for biochar application projects and health
hazards. Organic materials that undergo pyrolysis are greatly changed from feedstock both
chemically and physically. The resulting products may contain particulates that are extremely
small and hazardous if inhaled. Section 108 of the Clean Air Act directs the EPA to regulate
materials that might pose potential hazards that are under 10 µm diameter (42 U.S.C. Section
7408). Particles of this size or smaller can cause severe respiratory damage, and particulates
less than 2.5 µm diameter can enter the bloodstream and cause destruction to the veins,
arteries, and heart. Loss of biochar dust to the air during storage, transport, and application
may pose significant health risks, especially if dust can travel into populated areas. However,
some application methods might require a large fraction of fine particles such as when
mixing with liquid manure for injection into fields (Blackwell et al., 2009). Methods such as
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pelletizing biochar using an adhesive substance would not only reduce the risk of biochar
dust inhalation, but may also reduce transport costs by increasing packing density.

2.4 CONCLUSIONS
Kentucky is home to over 200,000 horses on numerous farms, ranches and boarding,
training, and riding facilities, both large and small, throughout the Commonwealth. Central
Kentucky, where a large portion of the horse industry is located, is characterized by soils
naturally rich in phosphorus, close surface and ground water connects due to the karst
geology, and high valued lands which are all challenges associated with land applying manure
in the region. Operators must manage the large volumes of muck that these operations
produce, and do so in such a way as to protect surface and ground water resources. Biochar
may serve as a way to dispose of horse muck while producing an environmentally beneficial
product. This study examined the physical and chemical characteristics of two horse-muck
derived biochars pyrolyzed at 700oC: one containing straw bedding (HS) and the other a pine
woodchip bedding (HW). A dairy manure biochar (D) pyrolyzed at 700oC was also
examined.
Recovery for both the HS and HW biochars was about one-third the mass of the
feedstock, which was consistent with other manure-based biochars pyrolyzed at
temperatures greater than 500oC (Novak et al., 2009; Cantrell et al., 2011). For the D
biochar, recovery was about 23%. All three biochars highly alkaline pH values at 10.87, 10.82
and 11.94 for HS, HW and D, respectively, suggesting these biochars could provide liming
capabilities when added to acidic soils. The SpC values measured for the HS, HW and D
biochars (1.84, 2.64 and 3.64 dS cm-1, respectively) were consistent with poultry and bovine
manure-based biochars pyrolyzed between 300 and 850oC. X-ray diffraction revealed that
HS biochar contained gypsum, quartz, and calcite minerals while the HW biochar was
relatively amorphous. Both diffraction patterns revealed broad humps in the region denoting
turbostratic carbon as well as organized cellulosic material from incomplete and unpyrolyzed
plant matter. For the D biochar, XRD revealed the presence of quartz, sylvite, calcite and
whitlockite. Images taken by a SEM showed mixtures of large and small irregularly shaped
particles, many containing the xylemic structures of the plant feedstock material. The HW
contained much larger particles than HS possibly due to the higher lignin content in the cell
walls, which is resistant to thermal degradation. The D biochar exhibited a highly disordered
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mix of granules and was amorphic in appearance. Despite the expectation of differences
between the HS and HW biochars due to the bedding material, nutrient and elemental
analyses showed many similarities those some differences (not statistical) were noted. The
HW biochar contained the highest amount of carbon (C:N of 68:1), which was excepted as
the bedding consisted of woodchips, and Zn; HS contained more Cu.Results from the IC
extraction demonstrated that about two-thirds of the total ions measured, notably PO4-P,
SO4-S and Cl-, were released during the first extraction. Such a finding suggests the potential
exists for the extended release of ions into the soil after biochar application, leading to
prolonged positive or negative effects of leachates on plants or microbes. Lastly, the
cumulative small fraction of particles less than 10.2 µm in diameter in the biochars indicates
special consideration is needed regarding how to integrate these materials the soil tin order
to minimize loss via erosion (water or wind) and ensure worker safety (e.g. particulate
inhalation).
The numerous similarities between the HS and HW biochars and the bovine and
poultry based biochars suggests that horse muck biochars may provide similar environmental
benefits as other manure based biochars. Additional research is recommended to examine
the ability of horse muck biochars (HS and HW) to reduce the transport of constituents of
concern such as nutrients, pathogens, heavy metals, pesticides and herbicides.
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CHAPTER 3: EFFECTIVENESS OF HORSE MUCK BASED
BIOCHAR FOR REDUCING E. coli TRANSPORT IN SATURATED
SOIL
3.1 INTRODUCTION
Land application of manure is a common means of waste disposal on farms that
raise livestock or are located near such farms (USDA, 2009). Improper manure management
can lead to surface and ground water contamination from constituents such as excess
nutrients (Pote et al., 1996; Sharpley et al., 2005) and pathogens ( Nicholson et al., 2005;
Guan and Holley, 2003; Gagliardi and Karns, 2000; Unc and Goss, 2004). Nutrient
management standards such as KY NRCS Code 590 (NRCS, 2013) dictate that the
application of manure is based in part on the nutrient requirements of the crops grown on
the land to which the manure is applied (Sharpley 1995). Other factors such as the soil
nutrients levels prior to application in particular phosphorus (Sharpley et al., 2001; Bolster et
al., 2011), presence of surface water, erodibility of the soil, and current weather conditions
play a role in manure application decisions (NRCS, 2013; Higgins et al., 2014). While the
focus on KY NRCS Code 590 is nutrients, consideration of surface and groundwater
contamination from pathogenic organisms is also warranted (Gagliardi and Karns, 2000;
Ferguson et al., 2003; Nicholson et al., 2005).
Fresh manure contains high concentration of live bacteria, with measurements of
fecal indicator bacteria such as Escherichia coli and enterococci on the order of 106 CFU mL-1
(Unc and Goss, 2004; Thurston-Enriquez et al., 2005). During storm events, bacteria in
manure are transported across the soil surface in runoff (Stout et al., 2005; Abu-Ashour et
al., 2000) or down into the soil profile via infiltration (Stoddard et al., 1998; Jamieson et al.,
2002, Unc and Goss, 2004). The downward transport of bacteria-laden water can occur
quickly through continuous macropores or fractures in the soil, known as preferential or
bypass flow (Wang et al., 2014; Nimmo, 2012). Contamination of crops and groundwater
sources by pathogenic organisms has led to several outbreaks of E. coli O157:H7 across the
U.S. (Ackers et al., 1998; Olsen et al., 2002; Rangel et al., 2005). Food and water
contaminated with E. coli O157:H7 can result in diarrhea, vomiting, severe hemolytic-uremic
syndrome, and death. In 1995, over 70 people in western Montana were infected with E. coli
O157:H7 after eating contaminated store-bought lettuce, likely due to improperly aged
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compost manure used as fertilizer (Ackers et al., 1998). In 1998, 157 people were infected
with an outbreak of E. coli O157:H7 due to fecal-contaminated water from an untreated
underground aquifer used as a municipal water supply (Olsen et al., 2002). It is estimated
that an average of 73,000 illnesses are caused by E. coli O157:H7 contamination in the
United States annually, with waterborne outbreaks generally larger than all other types of
outbreaks (Rangel et al., 2005).
Concern over contamination of groundwater by pathogenic microorganisms
necessitates the study of bacterial transport through soils, with an emphasis on developing
best management practices that capitalize on mechanisms related to microbial and soil
interactions to reduce groundwater contamination. The transport and retention of
microorganisms such as bacteria relies on the physical and chemical properties of the soil
environment. The physical composition of soil surfaces along with the chemistry of the
carrier solution can modify bacterial transport behavior (Unc and Goss, 2004). Properties
such as soil structure and texture (Abu-Ashour et al., 1994), water saturation level (Ginn et
al., 2002; Sen, 2011), pore size distribution (Downie et al., 2009), ionic strength (Mills et al.,
1994; Bolster et al., 2001; Walker et al., 2004), pH (Kim et al., 2008), charge of the
interacting surfaces (Bolster et al., 2006), surface coatings (Bolster et al., 2001), and
hydrophobicity (van Loosdrecht et al., 1987; Stenström, 1989; Huysman and Verstraete,
1993) can modify bacterial transport by affect the way bacteria interact with the soil
environment.
One potential strategy of reducing bacterial transport through the soil profile is
through the use of biochar (Abit et al., 2012; Bolster and Abit, 2012; Abit et al., 2014).
Biochar is a solid material obtained from the carbonization of biomass (e.g. crop residues
and animal wastes) that has typically been used as a soil amendment to provide a variety of
agronomic benefits (Lehmann, 2007; Singh et al., 2010). However, the potential exists for
biochar to alter bacterial transport as the addition of biochar to the soil environment has
been shown to impact the bacterial community in many ways. Biochar has been shown to
change microbial community structure (Anderson et al., 2001; Kim et al., 2007; Watzinger et
al., 2013), modify respiration (Major et al., 2010; Smith et al., 2010), increase microbial
biomass (Steiner et al., 2008; Kolb et al., 2009), provide favorable microbial habitats
(Pietikäinen et al., 2000; Thies and Rillig, 2009), and enhance short-term nutrient availability
(Luo et al., 2011; Awad et al., 2011; Quilliam et al., 2012; Ameloot et al., 2013).
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Abit et al. (2014) demonstrated that high temperature (700oC) pyrolyzed pine chip
and poultry litter biochars, individually or in combination, reduced the transport of bacteria
(S. typhimurium or Salmonella enterica serovar Typhimurium) through columns packed with fine
sand. In the same study, however, low temperature (350oC) pyrolyzed poultry litter biochar
did not improve bacterial retention in fine sand and actually increased the transport of in
sandy loam soil. Bolster and Abit (2012) found that bacterial surface properties such as
hydrophobicity and surface charge (zeta potential) play a large role in bacterial attachment
behavior, while dissolved constituents such as PO4-P, dissolved organic carbon, and charged
ions (Ca2+, Mg2+, Al3+, etc.) were not strongly correlated with reductions in fractional
recoveries. Biochar modifications to the soil’s total organic carbon levels as well as increases
in surface area and pore size distribution seemed to play a large role in the reduction of
bacterial transport (Abit et al., 2012). Increases in solution pH is expected to increase the
electronegativity of biochar and soil surfaces, therefore increasing transport (Kim et al.,
2008), although large increases in pH due to biochar additions did not seem to correlate with
decreased attachment (Abit et al., 2012; Bolster and Abit, 2012).
Studies focused on the use of biochar to reduce bacterial transport in amended soils
are limited, focused on soils amended with biochar created from poultry litter and pine chip
feedstocks, and have yielded mixed results (Abit et al., 2012; Bolster and Abit, 2012; Abit et
al., 2014). Though the literature is plentiful with characterization studies of biochar created
from bovine, poultry, woody and herbaceous feedstocks (Novak et al., 2009; Lehman et al.,
2011; Enders et al., 2012; Rajkovich et al., 2012; Cantrell et al., 2012), it is devoid of studies
that have examined the use of horse muck as a feedstock with the exception of Griffith
(2015). Griffith (2015) characterized the physical and chemical composition of two horsemuck derived biochars pyrolyzed at 700°C. One feedstock was horse muck containing straw
bedding (HS) and the other was horse muck containing pine woodchip bedding (HW). The
objective of this study was to evaluate the transport of E. coli (SP2B07 and SP1H01) in a
loamy fine sand amended with HS or HW biochar.

3.2 METHODS
3.2.1 Soil
A Lakin loamy fine sand (a mixed, mesic Lamellic Udipsamments) was used in the
experiment. Soil texture was determined by the micropipette method (Miller and Miller,
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Table 3.1. Soil textural classification of soil used in column experiments.
Sample

A
B
C
Mean ± Standard Deviation
1Davis

and Bennett (1927)

Sand (%)
77.5
82.5
81.3
80.4±2.6

Silt (%)
17.5
12.5
13.7
14.6±2.6

Clay (%)
5
5
5
5±0

USDA Textural Class1
loamy fine sand
loamy fine sand
loamy fine sand
loamy fine sand

1987; Burt et al., 1993). The soil particle size distribution as was 80.4% sand, 14.6% silt, and
5% clay (Table 3.1). Soils were ground and sieved (2 mm screen) to remove large particulates
prior to use in the experiments. Using an inductively coupled plasma-optical emissions
spectroscopy (ICP-AES; Vista Pro, Varian Inc., Palo Alto, CA), select nutrient and elemental
properties of the soil were determined. Table 3.2 contains values of select characteristics for
the soil.
3.2.2 Horse Muck Biochar
Samples of horse manure combined with woodchip bedding were obtained from the
University of Kentucky’s Coldstream Research Farm (latitude: 38.118779, longitude: 84.500036) north of Lexington, Kentucky. The horses boarded at the Coldstream Research
Farm ranged in ages between three and five years, were fed with a diet of hay (unknown
combination of warm season grasses), and were bedded with pine woodchips. Horse manure
samples containing wheat straw bedding were acquired from the University of Kentucky’s
Oran C. Little Research Center in Woodford County, Kentucky (latitude: 38.078453,
latitude: -84.738269). The horses from the Oran C. Little Research Farm were between the
ages of six months to four years and were fed mixed hay including orchard, fescue and
timothy grasses. These horses were also fed with at least 473 mL per day of whole oats
containing alfalfa pellets. A mineral supplement containing brine salts and trace minerals
(Zn, Fe, Mn, Cu, Fe and Co) was also supplied through a salt lick block.
Horse manures were collected using a shovel by scooping manure, bedding material,
and any associated urine and leftover feed that may have been mixed in the bedding directly
from the stall floors. Manure samples were placed into 19 L buckets. Both types of manure
samples (HS and HW) contained high volumes of bedding compared to solid manure (515% solid manure v/v estimated visually). Manure samples were transported to the
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Table 3.2. Select characteristics for HS and HW biochars1,2 and soil3.
Nutrients/elements
pH
SpC
C
Ca
K
Mg
N
P
Cu
Fe
Mn
Zn
Al
Cd
Na
Pb

1Pyroloysis

HS

Biochar Feedstock

HW
Soil
----------------- pH units ----------------10.87
10.82
6.16
----------------- SpC (mS cm-1) ----------------1.84
2.64
0.03
----------------- Non-mineral nutrients (% wt) ----------------56.9
79.5
------------------ Mineral macronutrients (% wt) ----------------4.0
3.0
2.6
2.7
2.8
0.8
0.4
0.2
0.1
1.3
1.2
-1.4
1.2
1.0
----------------- Mineral micro nutrients (mg kg-1) ----------------41.2
39.8
42.4
10,958
9,910
10,472
7,663
7,310
7,393
165
237
176
-1
----------------- Non-nutrients and Toxins (mg kg ) ----------------33,266
30,202
33,964
0.5
0.3
0.8
13,565
15,695
11,825
83.4
80.2
86.1

temperature of 700oC.
muck with straw bedding and HW=horse muck with woodchip bedding.
3Loamy fine sand
2HS=horse

University of Kentucky’s Biosystems and Agricultural Engineering Department for drying
prior to shipment to the United States Department of Agriculture-Agricultural Research
Service (USDA-ARS) facility in Florence, South Carolina for pyrolysis. Horse manure
samples were air-dried at room temperature for 3-5 days to reduce excess moisture prior to
shipping.
At the USDA-ARS facility, horse manure samples containing straw and woodchip
bedding were further dried at 60oC in a convection oven for approximately three days. The
HS and HW feedstocks were then ground through a Wiley Mill (Thomas Scientific,
Philadelphia, PA) equipped with a 2 mm screen. Once ground, samples were dried overnight
at 103oC and moisture contents were determined in triplicate using the techniques described
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in ASABE S358.2 (ASABE, 1988). The moisture contents of the biochars prior to pyrolysis
were 4.4 ± 0.36 wt.% for HS and 5.5 ± 0.46 wt.% for HW.
Dried manure samples were placed in ceramic bowls (25 cm diameter, 7.6 cm depth)
and pyrolyzed at 700oC maximum temperature in a Lindburg electric box furnace equipped
with a gas tight retort (Model 51662; Lindburg/MPH, Riverside, MI). Owing to the large
amount of material that required pyrolysis, samples were divided into four ceramic bowls for
pyrolysis. All samples were maintained at a temperature of 200oC for 1 hour, and then
increased at a ramp of +8.33oC min-1 over one hour (500oC per 60 min) until a temperature
of 700oC was reached. Samples were maintained at a temperature of 700oC for 4.67 hours.
The temperature was then decreased at a controlled rate of -10oC per minute for one hour
until temperatures reached 100oC. This temperature (100oC) was maintained for an
additional 45 minutes to allow temperatures throughout the samples to equilibrate.
Throughout the pyrolysis process, N2 gas was added to the pyrolysis chamber at a flow rate
of 1 L min-1 resulting in a rate of 0.04 retort exchanges per minute. Four replicates each of
the HS and HW biochars were produced. Table 3.2 contains select nutrient and elemental
values for the HS and HW biochars which were analyzed in the same way as the soil.
3.2.2 Experimental Setup

3.2.2.1 Bacteria

Two E. coli isolates were used in this experiment: SP1H01 and SP2B07. These

isolates were obtained from the liquid effluent of a swine lagoon located on a farm at
Western Kentucky University as described in Bolster et al. (2010). The isolates are similar in
size but differ in other surface properties (Table 3.3). Measured zeta potentials for SP1H01
and SP2B07 were -6.2 and -45 mV, respectively, with hydrophobicities of 35 and 11%,
respectively (Bolster et al., 2012). Zeta potential is a measure of the overall electric charge of
a population of bacteria (van Loosdrecht et al., 1987; Stenström et al., 1989). Negatively
charged particles, such as these E. coli isolates, are often transported further in the soil than
positively charged particles due to repulsion from negatively charged soils (e.g. repulsion of
like charged particles) (Unc and Goss, 2004). Hydrophobicity measures the level of
attraction between the cell wall and hydrocarbon molecules as a proxy for the amount of
repulsion that bacteria have with water or other hydrophobic surfaces (Van Loosdrecht et
al., 1989). Hydrophobic bacteria have been shown to have greater attachment to soils due to
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Table 3.3. Surface properties (mean and standard deviations) of SP1H01 and SP2B07 at two
growth phases (exponential and stationary) as characterized by Bolster et al. (2010).
Cell Properties
Hydrophobicity (%)
Exponential
Zeta potential (mV)
Exponential
Cell length (μm)
Exponential
Cell width (μm)
Exponential

SP1H01

Isolate

SP2B07

35±2.3

11±1.8

-6.2±1.8

-45±0.76

1.6±0.12

1.5±0.055

0.81±0.037

0.76±0.030

the exclusion of bacteria from aqueous solution (Gannon et al., 1991; Unc and Goss, 2004).
Hydrophobic attraction tends to be unrelated to bacterial surface electronegativity
(Stenström, 1989). The differing surface properties of the bacteria are useful in indicating if
hydrophobic or electric forces have played a role in bacterial attachment to soil columns
(Bolster et al., 2012). Previous studies have shown that differences in cell surface properties
between isolates SP1H01 and SP2B07 led to significant differences in their transport
through soil (Bolster and Abit, 2012; Abit et al., 2012).
Two colonies of either SP1H01 (I-1) or SP2B07 (I-2) were transferred to two
separate vials containing 14 mL of Luria broth (LB). Only one isolate was used per day (two
columns using SP1H01 or two columns using SP2B07) to prevent cross-contamination.
Once thoroughly mixed, the vials were incubated overnight at 37°C. Four 50 mL centrifuge
tubes (C1-C4) were also placed in the incubator to warm overnight. Four tubes were chosen
for redundancy as well as to ensure that the concentration of bacteria was sufficient for the
experiment. The samples within these tubes were processed to pelletize or aggregate the
bacteria in order to achieve a sufficient concentration. The pelletized bacteria were then
combined as described henceforth. Following incubation, C1 and C2 received 40 μL of
aliquot from I-1 while C3 and C4 received 40 μL of aliquot from I-2. Samples were
incubated at 37°C for an additional four hours to obtain the mid-exponential growth phase
(Bolster et al., 2010). Following this incubation period, C1-C4 were centrifuged at 4,910 rpm
for 15 minutes to pelletize the suspended bacteria and to remove the LB solution. The
supernatant (LB) was removed by pouring, then 15 mL of KBr solution (2 mM) were added
back to samples C1-C4; samples were then vortexed to resuspend the bacteria. Samples C1
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and C3 were combined (C1+C3) as were samples C2 and C4 (C2+C4); both combinations
were centrifuged at 4,910 rpm for 15 minutes to pelletize the bacteria a second time and to
remove any remaining LB solution. Then, 40 mL of the KBr solution was added to the
C1+C3 tube and vortexed to resuspend the bacteria while only the pellet remained in
C2+C4. The optical density (OD) of 1 mL of C1+C3 was measured using a BioSpec-mini
UV-Visible Spectrophotometer (Shimadzu Corporation, Kyoto, Japan) at a wavelength of
546 nm. The initial OD was utilized in eqn. 3.1 as variable R1. Vb was then calculated, which
gives the volume (in mL) of concentrated bacterial solution (C1+C3) to add to 100 mL of
KBr solution to get a total OD of 0.076. For example: If R1 reads 1.11, Vb equals 6.85 mL.
Next, 6.85 mL of KBr solution was removed from the beaker containing 100 mL of KBr
solution and discarded (leaving 93.15 mL), and then 6.85 mL of C1+C3 was added to the
beaker in order to maintain a total volume of 100 mL. The beaker solution was mixed
thoroughly, and the OD of 1 mL of the newly mixed solution was read. If the OD of the
beaker solution was still above 0.076, then 1 mL of solution was removed from the beaker,
discarded and replaced by 1 mL of pure KBr solution; the OD was measured again. An OD
reading of 0.076 gave an initial bacterial concentration of ~3.0 x 107. Hereafter the solution
of C1+C3 bacteria was mixed into the 2 mM KBr solution and was called the “bacterial
solution”. The use of KBr during the transport experiments can act as a conservative tracer
when effluents are analyzed for Br over time. The Br breakthrough curve can be compared
with the bacterial breakthrough curve to determine properties influencing transport.
However, we did not measure Br breakthrough in this experiment.
0.076
𝑉𝑉𝑏𝑏 = �
� × 100 𝑚𝑚𝑚𝑚
𝑅𝑅1

(eqn. 3.1)

The variable R1 represents the initial reading of the washed, centrifuged, and resuspended
bacterial pellet. The variable Vb represents the required volume of concentrated bacterial
solution (C1+C3 or C2+C4) to add to the 2mM KBr solution to achieve the 100 mL volume
(KBr plus bacterial solution of C1+C3) required for the column experiments. The final
bacterial solution was plated on mFC Agar to determine the initial concentration (C0t) of
bacteria entering the columns. Two replicates were completed for C0t. The completed
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bacterial solution was vortexed and then sucked into two separate sterile 60 mL syringes
(one for each column) prior to the experiment to prevent clumping or settling of bacteria.

3.2.2.2 Soil Mixtures and Dilution Setup

Two soil and biochar mixtures were created: one using HS biochar and the other

using HW biochar. Soil and biochar were mixed to achieve a 5% w/w ratio by adding 196 g
of sieved Lakin loamy fine sand and 4 g of biochar (either HW or HS) to two dedicated
cylindrical jars. To facilitate thorough blending of the mixture, 10 g of KCl solution (2 mM)
was added to each jar. Jars were placed on a roller table for 1 hr prior to the start of each
column experiment. A dilution series (100 to 10-4) was prepared in duplicate using 2 mM KCl
solution to dilute each fraction of effluent collected from the columns. The dilutions of 2
mM KCl were labeled D1 (1:10), D2 (1:100), D3 (1:1,000), D3.5 (1:2,500) and D4 (1:10,000),
and the dilution series were labeled A and B for the first and second duplicate respectively.
For dilutions D1, D2, D3 and D4, 9 mL of KCl solution were added, and for dilution D3.5,
6 mL of KCl solution were added. Note that a D0 (1:1) represents the undiluted effluent
from the column (each fraction collected), and was also plated. Refer to Appendix B for
additional details on sample dilution techniques.

3.2.2.3 Column Packing

Column packing followed procedures outlined in Bolster et al. (2010). Briefly, four

Chromaflex chromatography columns (2.5 cm inside diameter, 15 cm height) (Kontes Glass
Co., Vineland, NJ) were used in the experiment, consisting of the 15 cm glass tube and two
screw-on adapters (“bottom” and “top”) for attachment of the inlet and outlet tubing. Each
component of the columns was weighed and recorded (Appendix B). Columns were
assembled (except for the top) and attached to column stands, which were then placed on
top of a weight scale for packing. The weight of the column and stand were recorded before
and after packing to determine the bulk densities (Appendix B). The biochar and soil
mixtures (HS biochar + soil; HW biochar + soil) were added to the column in 7.85 g lifts.
Each lift was gently pressed with a wooden dowel rod prior to the addition of the next lift.
Columns were packed to 10 cm height and then the column tops were attached. The tops
were not removed again until after the completion of each transport experiment. The
weights of the packed columns (with tops attached) were recorded. CO2 gas was passed
through the inlet of each column at a rate of 20 mL min-1 for 20 minutes while the outlet
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tubing was placed in deionized water to prevent air from entering the column. After flushing
the columns with CO2 gas for 20 min, 60 mL of a KCl solution was injected into the inlet at
a rate of 0.67 mL min-1 using a syringe pump (Model 200, KD Scientific Inc., New Hope,
PA). The weights of the saturated columns were recorded to determine pore volume.

3.2.2.4 Sample Collection and Plating

Packed columns were attached vertically to an aluminum stand. One side of the T-

tube inlet was attached to the KBr-bacteria solution (KBr plus bacterial solution) and the
other side was attached to the KCl solution. Both KBr and KCl are conservative tracers
meaning they are transported through media without being sorbed to the soil matrix. First,
the KCl solution was pumped into the columns at a rate of 0.67 mL min-1 for 2 min to
obtain a background fraction after which the KBr-bacteria solution was pumped into the
columns at a rate of 0.67 mL min-1 for 50 min before switching to KCl for 96 min. Effluent
fractions were collected using a Spectra/Chrom CF-1 fraction collector (Spectrum
Chromatography, Houston, TX) set to collect fractions at 8 min intervals. Prior to plating,
effluent fractions were diluted (Appendix B). The drop-plate method was used to plate
bacteria on mFC Agar plates (Difco Laboratories, Inc., Detroit, MI) by pipetting 4 x 10 μL
drops from each dilution onto each plate quadrant (Miles et al., 1938; Mikell et al., 1996).
Plates were incubated for 4 hours at 37oC then allowed to cool to room temperature
overnight in the incubator prior to counting colony forming units. This incubation time is an
in-house technique for E. coli that allows for complete growth of bacterial colonies that
could be enumerated visually while preventing overgrowth. This methodology was tested
and found compare well with standard methods (unpublished data). Two replications of
each bacteria/biochar type were completed on different days to achieve true replications in
time.
The number of bacteria recovered in each fraction (FR1) was calculated by
multiplying the effluent concentration (cells mL-1 extracted from each fraction) by 5.36 mL
(fraction volume). The total number of cells in the initial bacterial solution (C0t) was
determined by multiplying C0, which was the number of bacteria determined by plating a
subsample of C0t (influent concentrated bacterial solution), by 33.5 mL. The total fractional
recovery (FR2) for each column was calculated by summing all values of FR1 and dividing the
total by C0t; the resulting value was converted into a percentage. The sorption coefficient, K
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(mL g-1), was computed by dividing the concentration of sorbed bacteria (cell g-1) to the
concentration of bacteria in solution (cells mL-1) following equilibrium.
After all effluent fractions were collected, the columns were turned upside down,
bottoms removed, and the soil/biochar mixture was extracted in 1 cm layers using a plastic
scoop being careful not to mix fractions or compress lower fractions while excavating. Each
layer was added to a labeled, preweighed centrifuge tube and weighed again. 30 mL of KCl
(2 mM) was added to each tube, weighed, and then centrifuged at 500 g for 3 minutes. A
pipette was used to extract 1 mL of supernatant for dilutions, and 80 μL was extracted to
plate D0 from each layer using the drop plate method. After each experiment, the centrifuge
tubes were placed un-capped in a drying oven set to 105oC and dried overnight. The dried
fractions were weighed and recorded.

3.2.2.5 Batch Sorption Experiments

Batch sorption experiments were conducted to quantify bacterial sorption to the

biochar amended and unamended soils. Two grams of the biochar amended soil (Soil + HS
or HW) (5% w/w) and 2 g of unamended soil were each separately placed in pre-weighed
centrifuge tubes. Twenty milliliters of 2 mmol L-1 KCl solution with a bacterial concentration
diluted to an optical density (OD) of 0.076 (refer to Section 3.2.2.1) were added to the
centrifuges tubes. In this procedure, 300 mL of concentrated bacterial solution was made.
Two replications of each bacteria/biochar/soil combination were created: 2 x HS with
SP1H01, 2 x HS with SP2B07, 2 x HW with SP1H01, 2 x HW with SP2B07, 2 x Soil Only
with SP1H01, and 2 x Soil Only with SP2B07. Controls were created by adding 2 g of soil
only or biochar amended soil (5% w/w) to centrifuge tubes with 20 mL of 2 mM KCl
solution containing no bacteria. Centrifuge tubes were weighed and shaken on a
reciprocating shaker at 100 rpm for 1h. Afterwards, tubes were centrifuged at 500 x g for 3
min to settle any large soil particles. Bacterial concentrations were determined by plating on
mFC Agar plates and incubating overnight at 37oC. As in Bolster et al. (2010), the amount of
bacteria sorbed to the biochar amended and unamended soils was calculated as the
difference between the total number of cells added (Tcb) and total cells extracted after
equilibration (Rb). A sorption coefficient, K (mL g-1) was computed by dividing the
concentration of bacteria sorbed to the soil (cells g-1) to the concentration of bacteria in
solution (cells mL-1) following equilibrium.
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3.2.2.6 Data Analysis

Two-way analysis of variances (ANOVAs) were performed to identify statistically

significant differences in treatments (p<0.05) across bacterial isolate (Bacteria) and
biochar/control (Treatment) while reducing the effects of type I error from computing
multiple t-tests. Mean separations were performed using Tukey’s HSD test. All statistical
analyses were performed using SigmaPlot 13.0 (Systat Software Inc., San Jose, CA). Because
of the similarity in variables used within the Transport, Dissection, and Batch experiments,
Table C.18 in Appendix C contains the variables and calculations used for each experiment.

3.3 RESULTS AND DISCUSSION
3.3.1 Bacterial Transport Study
Table 3.4 contains the means and standard deviations computed of the percent
recoveries (PR) for SP1H01 and SP2B07 isolates. Significant differences were noted between
HW and Soil for the isolate SP2B07, where HW shows lower percent recovery (Figure 3.1).
This signifies that the isolate SP2B07 was retained better in HW amended soil than the soil
only control. The percent recovery of SP2B07 was about 43%, indicating that HW sorbed
almost half of the total cells that were passed through the column. The analysis also revealed
a significant difference in percent recovery between the isolates for HW. In this instance,
much less of the isolate SP1H01 was retained than SP2B07. The isolate SP2B07 has a much
more negative zeta potential than SP1H01 (Table 3.3), indicating that HW may modify the
electrical potential of the soil environment to make attachment more favorable. No
Table 3.4. Mean and standard deviation for percent recovery (PR) for HS, HW, and Soil.

Parameter
PR (%)
PR (%)
p-value
(Bacteria)
1Pyroloysis

2HS=horse

biochar

HS1,2
53.2±11.9 a,13, 4
60.6±11.2 ab,1
0.476

Biochar Treatment
HW
SP1H01
78.0±4.0 a,1
SP2B07
43.0±14.2 b,2
0.011

Soi1
70.9±0.6 a,1

p-value
(Treatment)
0.0945

79.4±8.7 a,1

0.021

0.414

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, Soil=soil only (control), no

3Within

row significant differences noted by different letter.
column significant differences noted by different number.
5HW x HS, p-value 0.094; HW x Soil, p-value 0.750; Soil x HS, p-value 0.239
4Within
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Total Cellular Recovery/Total Cellular Input (aSRf /Tc )

Figure 3.1. Transport treatment means and standard deviations for SP1H01 and SP2B07.
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significant differences were found between HS and Soil suggesting this biochar was not
effective at reducing the transport of either isolate. Based on the bacterial characteristics in
Table 3.3 as presented by Abit et al. (2012), it was expected that the isolate SP2B07 would be
transported more readily in the soil due greater electronegativity as compared to isolate
SP1H01, and hence result in larger values of PR, however this was not the case. Bolster and
Abit (2012) examined the use of poultry litter biochar pyrolyzed at 700oC to reduce the
transport of SP1H01 and SP2B07 in a sandy soil and found no differences in PR between a
biochar amended soil (2% w/w) and a control. However, the authors did note a significant
reduction in SP1H01 and SP2B07 transport when the soil was amended with a 10% (w/w)
of the poultry litter biochar. A 10% (w/w) biochar addition equates to approximately
405,600 kg of biochar per hectare within the top 15 cm of soil. The need to use such a high
level of biochar to reduce bacteria transport is not realistic at a large scale, but may be
feasible for small select areas where the potential for bacterial transport is high and largely
impacting to surface and ground waterbodies (i.e. riparian zones and around sinkholes).
The Cf/C0t fraction curves showed that bacterial discharge generally peaked at 60-72
minutes (approximately 2.5 pore volumes) into the experiment (Figures 3.2 and 3.3). For
isolate SP1H01, HW peaks higher than both HS and soil. It should be noted that each tube
may not have collected exactly 5.36 mL of solution, and small variations in bacterial solution
collected per tube can have large effects on the measured recovery over time. Future studies
should label and weigh each tube before and after collecting the effluent concentrations.

3.3.1.1 Column Dissections

As seen in Table 3.5, concentrations of bacteria in the soil (C) were greater than the

concentration of bacteria added to the column (C0) with the exception of the control (Soil)
for isolate SP2B07. These findings indicate bacteria were trapped in the soil. While peak
aRd/Tc values did not differ among treatments for the isolates SP1H01 and SP2B207,
significant differences were noted between the treatments. For the SP1H01 isolate, the HS
and HW biochars had significantly lower aRd/Tc values as compared to Soil. For the
SP2B07 isolate, aRd/Tc values were lower for Soil as compared to HS and HW. As seen in
Figure 3.4, a greater amount of bacteria (isolate SP1H01) were trapped near the inlet for the
Soil column and somewhat for HS. As noted by Abit et al. (2012), higher levels of bacteria
near the soil surface could result in increased concentrations in runoff. For HW, bacteria.
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Figure 3.2. Normalized effluent concentration (aRd/Tc) results for the column dissections
for E. coli isolate SP1H01.
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Figure 3.3. Normalized effluent concentrations (aRd/Tc) for E. coli isolate SP2B07.
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Table 3.5. Mean and standard deviation normalized concentrations (aRd/Tc) for column
dissections for E. coli isolates SP1H01 and SP2B07.
HS

Parameter
aRd/Tc

1.25±0.87 b3

aRd/Tc

1.27±0.44 a

1Pyroloysis

Biochar Treatment
HW
SP1H01
1.28±0.56 b
SP2B07
2.06±1.06 a

1,2

Soi1
5.30±2.47 a
0.23±0.02 b

temperature of 700oC.
2HS=horse muck with straw bedding, HW=horse muck with woodchip bedding, Soil=soil only (control), no
biochar
3Within row significant differences noted by different letter.

levels were fairly constant throughout the column (Figure 3.5). For isolate SP2B07, bacteria
levels decreased slightly with distance from the inlet for HW and displayed a slight increase
for HS.
3.3.2 Batch Sorption Experiments
Biochar had no significant effect on the percent recovery of bacteria during the
batch sorption experiment (Table 3.6) (Figure 3.6). However, the difference in sorption
between the isolates was significant, with lower recovery of SP2B07 across amended and
unamended soil. This is consistent with the Transport study in which lower percent recovery
was attained from HW amended soil. The similar recovery across all treatments may indicate
that bacterial surface properties play a much larger role in adhesion than the porous media.
A plot (Figure 3.7) of log percent recovery versus log of the sorption coefficient, K, shows a
very strong relationship which qualitatively signifies that treatments that result in high K
values will coincide with low percent recoveries and therefore greater retention (Bolster and
Abit, 2012). A batch study conducted by Bolster and Abit (2012) using a fine sandy soil and
poultry litter biochar (pyrolyzed at 350oC and 700oC) also found that SP2B07 resulted in
lower fractional recovery than SP1H01 with higher sorption coefficients for the biochar
pyrolyzed at 700oC. Abit et al. (2013) also noted significant inverse relationships between the
percent recovery and sorption coefficient for E. coli O157:H7 and S. typhimurium.
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Normalized Effluent Concentration aRd/Tc (cells/cells)

Figure 3.4. Normalized effluent concentration (aRd/Tc) results for the column dissections
for E. coli isolate SP1H01.
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Figure 3.5. Normalized effluent concentration (aRd/Tc) results for the column dissections
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for E. coli isolate SP2B07.
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Figure 3.6. Normalized effluent concentration (aRd/Tc) results for the batch experiment.
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Figure 3.7. Log percent recovery (log PR) vs sorption coefficient K (mL g-1) for E. coli
isolates SP1H01 and SP2B07.
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Table 3.6. Mean and standard deviation fractional recoveries (PR) and sorption coefficients
(K) for E. coli isolates SP1H01 and SP2B07.

Parameter
PR (%)
PR (%)
p-value
(Bacteria)
1Pyroloysis

2HS=horse

biochar

HS

1,2

13.9±0.6 a3,14
5.0±0.5 a,2
0.006

Biochar Treatment
HW
SP1H01
13.4±5.0 a,1
SP2B07
4.8±0.3 a,2
0.008

Soi1
13.8±0.7 a,1

p-value
(Treatment)
0.9645

4.5±1.3 a,2

0.973

0.005

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, Soil=soil only (control), no

3Within

row significant differences noted by different letter.
column significant differences noted by different number.
5HW x HS, p-value 0.964; HS x Soil, p-value 0.996; Soil x HW, p-value 0.984
6HS x Soil, p-value 0.973; HS x HW, p-value 0.998; Soil x HW, p-value 0.986
4Within

In contrast to this study, Abit et al. (2012) found that pine chip biochar pyrolyzed at 700°C
resulted in lower fractional recoveries of SP1H01 as compared to SP2B07. The differences
in fractional recoveries were attributed to differences in bacterial surface properties. Abit et
al. (2012) noted that even though the zeta potential (electronegativity) was not significantly
correlated to fractional recovery, it was much higher for isolate as compared to SP1H01
which may result in greater repulsion between the negative surfaces bacteria and biochar.
The authors also noted that the hydrophobicity of SP1H01 was higher than that of SP2B07.
Hydrophobicity has been shown to play a major role in the adhesion of bacteria to minerals,
polystyrene, and soil, (van Loosdrecht et al., 1987; Stenström, 1989; Huysman and
Verstraete, 1993), where greater hydrophobicity leads to greater adhesion.

3.4 CONCLUSIONS
In karst terrain, groundwater contamination is of particular concern. Agricultural
activities such as the land application of manure can result in the transport of pathogens
through the soil profile to the groundwater. While nutrient management strategies such as
those specified in KY NRCS Code 590 can help protect both surface and groundwater
resources, strategies such as the use of biochar as a soil amendment are needed to reduce the
transport of bacteria through the soil profile. This study examined the transport of two E.
coli isolates (SP1H01 and SP2B07) in a loamy fine sand amended with HS or HW biochar.
Preliminary results from this study indicate that the HW biochar may be effective at reducing
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bacterial transport in soil; however, with only two replications tests and one soil type,
sweeping conclusions cannot be drawn. The PR and Cf/C0t results suggest that the HS and
HW biochars were effective at reducing the transport of SP1H01 and SP2B07, respectively.
Column dissections indicated that these bacteria were trapped in the soil while batch
sorption experiments showed that treatments resulting in high K values will produce lower
percent recoveries and therefore greater bacterial retention rates. Because of the large
volume of horse muck in central Kentucky, the potential to turn such a waste product into
one with a beneficial use warrants further examination. Additional studies are recommended
to examine the ability of HS and HW to reduce bacterial transport in soils.
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CHAPTER 4: CONCLUSIONS
4.1 INTRODUCTION
The ability to turn common waste streams into products with economic and
agronomic value is a subject that has grown rapidly in recent decades. As noted in Chapter 1,
prior research has shown that biochar can positively impact soil properties such as water
holding capacity (Tyron, 1948; Karhu et al., 2011; Abel et al., 2013) and improve crop
growth (Rodon et al., 2007; Major et al., 2010; Jeffery et al., 2011); it may even help mitigate
climate change through carbon capture (Wolf et al., 2010). In this experiment, two horse
muck biochars (HS and HW) and one dairy manure-derived (D) biochar were created and
characterized for select physical and chemical properties. The characteristics of these
biochars were compared to bovine and poultry manures as well as woody and herbaceous
biochars previously reported in the literature. While the horse muck biochars created for this
experiment have characteristics similar to other biochars reported in the literature, they also
have unique properties that differentiate them from other biochars created from manure or
plant based feedstocks. Evaluating a dairy manure-derived biochar in this study further
established the similarity between biochars pyrolyzed from bovinate manures. To further
asses possible uses for horse muck biochar, a study was conducted to determine if a biochar
amended fine sandy loam soil would reduce the transport of pathogenic bacteria under field
saturated conditions. The following sections contain summaries of the major findings from
each experiment including discussions on the potential impact of these results on the future
uses of horse muck derived biochar.

4.2 PHYSICAL PROPERTIES
Both HS and HW showed recoveries typical of biochar pyrolyzed above 500oC (Table
2.1), which is about a third of the mass of prepared feedstock (Novak et al., 2009; Cantrell et
al., 2011; Enders et al., 2012). The higher recovery for the HS biochar was likely due to
differences in the amount of lignin present between the HS and HW biochars, as straw
contains more lignin than wood (Pekarovic et al., 2006) and is more resistant to degradation
during pyrolysis (Demirbas, 2004). Converting horse muck into biochar might alleviate
problems that arise from the storage of horse muck on farms. One horse may produce up to
36 kg of muck per day (Higgins et al., 2008), but when converted to biochar would reduce
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this to about 11 kg. Converting horse muck into biochar would reduce storage area
requirements and would transform the waste product into a potentially valuable agronomic
one. In addition, greenhouse gas emissions from manure piles could be reduced if they were
converted into biochar instead of stored for later land application (Gaunt and Cowie, 2009).
Results from the SEM and particle size analyses revealed that HS and HW biochars
contain a variety of particle sizes of irregular shape. The HW biochar contained a visibly
greater fraction of long and flat particles with sizes >500μm (Figure 2.6; Appendix A) and a
larger median size fraction overall of 184.5 mm versus 127.3 mm for HS (Table 2.7). For
both HS and HW biochars, plant capillary structures were visible and were not degraded
during the high-temperature pyrolysis process. These macropores provide a variety of
benefits within a soil environment, including moisture capture (Novak et al., 2009) and
pathways for fungal mycelium (Warnock et al., 2007). Both biochars are made up of a mix of
plant-like fibers and amorphous granules as seen in other SEM images of biochar (Mullen et
al., 2010; Beesley et al., 2011; Bruun et al., 2012; Zhang et al., 2013). The sieve analysis shows
that the HW biochar had a wider distribution of particles than HS with over a third of the
particles in the range 150-250 μm while about 44% of the HS biochar was in the range of
45-150 μm (Appendix A). The largest fraction of particles for both HS and HW were within
the 80.45 μm median diameter class, which is consistent with the sieve analysis for HS but
not for HW, where the largest size class was found to be between 150-250 μm. The second
largest size class for the LISST analysis was within the 25.25 μm median diameter range, with
the volume percent for HS at 7.25% and 9.46% for HW. It is unknown if these particles
differ in shape or chemical makeup in comparison to the other size classes.
The surface area of the HW biochar was low in comparison to wood-based biochars
pyrolyzed at 500oC or higher (Table 2.6). This difference could be due to pore clogging by
ash, volatile matter, or liquids from the breakdown of lignin and cellulose (Azargohar and
Dalai, 2006; Lua et al., 2006; Bourke et al., 2007). The SEM images of the HW biochar
revealed that the largest particles were relatively smooth and non-porous in comparison to
the ends of the biochar, which might significantly contribute to the low surface area to
particle mass ratio. The HS biochar surface area was measured to be about 12.5 times greater
than that of the HW biochar. The SEM images revealed much smaller particle sizes with
more irregular surface characteristics and granular materials. The visibly higher density of
smaller particles for HS seemed to contribute to a higher surface area. The surface area of
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other herbaceous biochars varied, but generally increased as the pyrolysis temperature
increased due to the openings of pores within the native material’s capillary structures
(Downie et al., 2009). The surface areas of manure-based biochars varied considerably (Table
2.6), with higher ash contents and smaller particle sizes from the digestion of plant mass.
The combination of manure and bedding may conflict with surface area formation during
pyrolysis.
X-ray diffraction analysis revealed multiple mineral formations in the HS biochar, while
the HW biochar displayed very little evidence of crystalline structures. The mineral fraction
of biochar can affect the outcome of its pH, EC, oxidation reactions, and absorptive
properties (Joseph et al., 2010). Because these processes also control the way nutrients are
cycled, mineralized, and taken up by plants and microbes in the soil, mineral content may
play an important part in tailoring biochars to suit specific needs (Singh, 2010). The minerals
identified for the HS biochar consisted of quarts and calcite, while HW did not show strong
evidence of crystalized mineral compounds. The lack of mineral structures on the surfaces of
the HW biochar indicated a high level of heterogeneity which may stem from an inherent
poor crystallinity of compounds or that the surface of this biochar was covered in
disorganized volatile matter. The presence of turbostratic carbon was identified in both the
HS and HW biochars which indicated the formation of recalcitrant carbon packets.
Irregularities in the turbostratic structures were thought to provide most of the
microporosity and increased surface area of biochars (Downie et al., 209). The broadness of
the peaks combined with the very low measured surface areas of the HS and HW biochars
suggested that turbostratic carbon did not make up a significant fraction of their physical
structure, or that the structures and pores were blocked by sorbed volatile matter or ash (Lua
et al., 2004; Novak et al., 2009). Cellulosic material was identified in both biochars as well,
with d spacings that suggested crystalline cellulose I and II decomposition (Thygesen, 2005;
Cheng et al., 2011; Kloss et al., 2012). The presence of cellulose was expected as plant
structures are clearly seen in the images obtained from scanning electron microscopy (Figure
2.6; Appendix A). A fraction of biochar could be broken down by microbes after
application to soil (Pietikäinen et al., 2000; Warnock et al., 2007; Ascough et al., 2010), which
includes the uncharred cellulose or lignin remaining after pyrolysis. The presence of
cellulosic/organic biomass in both the HS and HW biochars indicated that a portion of
79

these biochars may be available to degradation after incorporation into fields or riparian
areas with unpredictable positive or negative effects.

4.3 CHEMICAL PROPERTIES
Both HS and HW biochars exhibited highly alkaline pH values at 10.87 and 10.82,
respectively (Table 2.1). These pH values were similar to other biochar pyrolyzed above
500oC (Figure 2.1; Appendix A). Adding biochar to soil has been shown to have a liming
effect in acidic soils by decreasing the exchangeable H+ and Al3+, as well as releasing alkaline
substances that neutralized soil acidity (Yuan et al., 2011). However, this effect was more
closely related to the biochars’ alkalinity, as determined by back titration with HCl, rather
than overall biochar pH. Alkalinities of the HS and HW biochars were not determined, so
their effect on soil pH is unknown. Specific conductance (SpC) of the HS and HW biochars
along with selected biochars from the literature are shown in Figure 2.2 and Appendix A.
Specific conductance is used to determine the total solute concentration (salinity) of the soil,
which includes the presence of major dissolved inorganic solutes (e.g. Na+, K+, Mg2+, Ca2+,
Cl-, HCO3-, NO3-, SO42-, and CO32-) (Corwin and Lesch, 2003). Therefore, the SpC of
biochar in solution identifies the magnitude of dissolved nutrients that are released to the
soil environment. The HS and HW biochars seemed to follow similar trends as manure
based feedstocks with high pH and SpC values. The extraction results (Table 2.5) indicated
that anions were released after mixing with water, and the presence of cation elements were
on-par with other biochar found in the literature which may also be released after interaction
with soil solutions. Leaching both biochars using deionized water revealed a mixture of
anions released into solution. The HW biochar released more chloride and phosphate than
HS, but did not release sulfate into solution. The amount of phosphorous released by the
HW biochar may increase the transport of pathogenic bacteria in the soil if the
concentration lowers the zeta potential of bacteria, thus increasing the energy barrier
between bacteria and soil (Wang et al., 2011). However, a study on bacterial transport in
biochar amended soil revealed a lack of correlation between effluent solution properties
(including phosphate) and E. coli transport (Abit et al., 2012).
The elemental characterization of the HS and HW biochars revealed a high carbon
content for HW (79.5%) similar to that of wood based biochars, while the HS biochar was
closer to that of other manure based biochar at 56.9% (Table 2.3; Appendix A). Due to its
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very high carbon content, the HW biochar may be suitable for carbon sequestration
(Lehmann et al., 2006). The nitrogen content of the HW and HS biochars were lower than
average values for manure based biochar, and slightly higher than herbaceous biochar (Table
2.3; Appendix A). The C:N ratios of HS and HW were found to be 45:1 and 68:1,
respectively. These values were higher than the 30-35:1 ratio that generally determines if a
soil amendment could cause nitrogen immobilization. However, it is likely that the carbon
content (and perhaps some of the nitrogen content) was bound in recalcitrant compounds
that break down over a period of years to centuries (Eden et al., 1984; Knicker et al., 1996).
Mineral nutrient values were variable between the biochars. HS biochar contained more
magnesium and calcium than HW, but less sodium and zinc. The aluminum and lead
contents of the biochars were nearly equal, but the HS biochar contained twice as much
cadmium as the HW biochar. Plants that uptake metal toxins from the soil concentrate th
metals in their tissues, which are then concentrated further during pyrolysis. Soil
amendments with contaminated biochar can lead to adverse effects with lasting
consequences. Therefore, biochar must be tested before additions to soil, especially within or
around sensitive environments such as waterways, sinkholes, estuaries, or wetlands, for
example.
Ionic chromatography was used to detect anions leached from the biochars in
deionized water. No nitrite or nitrate were detected from the experiment, but both HS and
HW biochars released chloride and phosphate in successive extractions. The HS biochar also
released sulfate while HW did not. Anions in solution can play an important part as nutrients
in the soil environment as is the case for chloride and sulfate (Broyer et al., 1954; Johnson et
al., 1957; Kopriva et al., 2009). However, phosphate has the potential to increase bacterial
transport (Wang et al., 2011). Horse muck biochars are likely to have a range of cations and
anions that will be released into the soil once incorporated.

4.4 COMPARISON TO DAIRY MANURE-BASED BIOCHAR
The design of this experiment included the creation of D biochar along with the HS and
HW biochars. D biochar has been studied by several authors and has produced consistent
and identifiable physical and chemical characteristics (Cantrell et al., 2012; Cao and Harris,
2010; Rajkovich et al., 2011; Sinclair et al., 2008; Kolb et al., 2009). Thus, D biochar
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provided a point of comparison for HS and HW biochars and for biochars described in the
literature, and differences arise from distinct characteristics.
Recovery of the D biochar was found to be lower than the HS and HW biochars (Table
2.1), and lower than dairy manure pyrolyzed at 700oC by Cantrell et al. (2012) or by Cao and
Harris (2010). The particle size distribution determined by the sieve method revealed that the
D biochar had much less curvature than the HS and HW biochars. The characteristic
diameters (D10-D90) were between that of HS and HW, except for the largest sizes (D84 and
D90). The smallest particle sizes for the D biochar determined by LISST analysis (5.24 μm in
diameter) were smaller than either the HS or HW biochars. The size distribution was more
uniform than the HS and HW biochars. The particle size distribution of charcoal derived
from bovinate manure mixed with pine shavings by Kolb et al. (2009) were much larger than
those found for D biochar, with 16.5% of the particles >2 mm. The surface area for the D
biochar was much higher than either of the HS and HW biochars, and higher than dairy
manure biochar created by Cao and Harris (2010) at 500oC, with values between 12 and 14
m2 g-1. The D biochar was similar to a dairy manure biochar pyrolyzed at 700oC by Cantrell
et al. (2012) with a value of 186.5 m2 g-1. The D biochar contained the most diverse mineral
characteristics as determined by x-ray diffraction (Table 2.2; Figures 2.3-2.5). The D biochar
contained quartz, calcite, whitlockite, and organic matter (crystalline cellulose), which were
also identified by Cao and Harris (2010) in dairy manure biochar.
The pH of the D biochar was the highest of the experimental chars at 11.93. This is
higher than dairy manure biochar pyrolyzed at 500oC (Cao and Harris, 2010), cattle feedlot
biochar pyrolyzed at 450oC (Sinclair et al., 2009), and a mixed bovinate biochar pyrolyzed at
500oC (Kolb et al., 2009), but only slightly higher than biochar created from paved-feedlot
manure pyrolyzed at 700oC (Cantrell et al., 2012). The SpC of the D biochar was three times
higher than the high temperature paved-feedlot manure by Cantrell et al. (2012). Elemental
values for the D biochar in this experiment compared well with average values obtained for
bovinate biochars (feedstocks from dairy cow, cow, and bull manure), as seen in Tables 2.3
and 2.4. The nitrogen content of the D biochar was higher than either HS or HW, but
similar to biochar created by Cantrell et al. (2012) of dairy and paved-feedlot manures
(Tables 2.3 and 2.4).
Values for carbon, potassium, and nitrogen were nearly equal to bovinate biochars. The
calcium content of the D biochar was twice as much as the bovinate average value, but was
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less than the calcium content of dairy manure biochar produced at 500oC (Cao and Harris,
2010). The copper, iron, and aluminum contents of the D biochar were within range of
bovinate biochars, while the lead content in the D biochar was almost two orders of
magnitude higher (75.57 mg kg-1 versus 1.25 mg kg-1) and the sodium amount was four times
higher (22,705 mg kg-1 versus 5,150 mg kg-1). This level of lead in the D biochar did not
exceed the amount of lead admissible in bare soil as set forth by the EPA (EPA 40 CFR
745), and amending soil with biochar will dilute the amount of lead per kg of soil as well.
The ionic chromatography results showed that D biochar released much larger amounts of
chloride ion than either of the HS and HW biochars, which could be attributed to the high
ion content of lactating dairy cows (Silanikove et al., 1997). The D biochar did not release
phosphate, but did release more sulfate during the experiment than the HS biochar even
though sulfate was not detected in mineral form (gypsum) by XRD.

4.5 BACTERIAL TRANSPORT STUDIES
Significant differences were noted with regards to fractional recoveries (PR) for both
SP1H01 and SP2B07 E. coli isolates. For isolate SP1H01, a PR of 53.3% was measured for
HS while PRs were 78.1% and 70.9% for HW and Soil, respectively. For the SP2B07 isolate,
HW biochar produced the lowest PR at 43.0% followed by HS at 54.2% and then Soil at
77.8%. At 5% w/w, the HS biochar significantly reduced the transport of SP1H01 in the soil
column while the HS and HW biochars did so for the SP2B07 isolate. The aSRf/Tc curves
(Figures 3.1 and 3.2; Appendix C) from the transport experiments showed variability
between replications, with lower amounts for the soil controls. A variety of factors involved
in the setup and outcome measurements of the transport experiments could have had a large
impact on the results. Difficulties maintaining consistency in pH, SpC, packing density,
homogeneity of soil mixtures, and effluent handling/bacterial plating could have modified
the end concentration obtained from each time interval.
The results of the batch adsorption and soil column transport studies revealed
potential experimental errors that should be re-evaluated before drawing concrete
conclusions. The outcome of the batch experiment showed that the bacteria continued to
grow over the course of the hour-long experiment which prevented a proper analysis of
bacterial attachment. The percent recovery for the batch experiment seems to differ between
isolates SP2B07 and SP1H01 (Table 3.4). A correlation between the percent recovery and
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sorption coefficient was determined to assess the ratio of bacteria recovered from the
effluent to the amount sorbed to the biochar amended soils. The correlation was found to be
negligible for SP2B07, but was slightly negative for SP1H01 with an R2=0.34. Abit et al.
(2012) found a very strong negative correlation between fractional recovery and sorption
coefficient for both isolates. The differences between these studies indicates that horse muck
biochars would not have a significant impact on the sorption of bacteria in soil, likely due to
the low surface areas, but instead would introduce nutrients into solution that are beneficial
for pathogen growth. If this is the case, soil amendments with horse muck biochar could
potentially increase the number of pathogenic bacteria in contaminated soils and increase the
likelihood for groundwater contamination.

4.6 DISCUSSION
Overall, biochars made from horse manure and bedding material do not seem to
have major drawbacks that would prevent their use in soil. The problem of reducing the
volume of stored horse muck and disposing of it in an environmentally friendly and low-cost
manner is partially answered by the outcome of these experiments. Pyrolysis will decrease
the volume and therefore the storage capacity needed for horse muck while increasing the
percentage of recalcitrant carbon which can be subsequently buried, effectively reducing CO2
and other greenhouse gas emissions due to the degradation of muck in landfills. The SpC,
released anions, and concentrations of macro and micronutrients indicate that horse muck
biochars may be a source of nutrients for plants and soil microbes rather than an inert soil
conditioner. The small particle sizes of the biochar may pose a health hazard as well as
difficulty during application to soils if application takes place under moderate winds.
Applying biochar as a slurry mixture may overcome these problems, but has yet to be tested.
Regarding bacterial transport in the soil profile, preliminary results from this study indicate
that the HS and HW biochars may be effective at reducing bacterial transport in soil;
however, with only two replications tests and one soil type, sweeping conclusions cannot be
drawn.
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CHAPTER 5: FUTURE WORK
5.1 RE-EVALUATION OF EXPERIMENT
The experiments conducted for this thesis attempted to quantify a wide range of
physical and chemical properties as well as determine the functional performance of soils
amended with biochar on the reduction of bacterial transport. Some issues were identified
that prevented the making of firm conclusions thus warranting a re-evaluation of
experimental design, controls, and interpretation of results. For the characterization studies
in Chapter 2, the determination of volatile matter and ash content could have been used to
further distinguish the phases that make up HS and HW biochars. Liquefied compounds
that form during pyrolysis that do not directly volatilize as gasses and are likely to collect in
pores during cooling which may have skewed the surface area results. Identifying the volatile
content may have indicated if this was the case for the HS and HW biochars. Some studies
have shown that pores can be re-opened using CO2, KOH or steam. Additionally, the ash
fraction of biochar contains the metals and recalcitrant carbon which could be further
studied for its chemical and physical makeup. Measurements of several parameters lacked
descriptive statistics that would have aided in the confidence of the findings. If repeated (and
if funding is available), the experimental design should include multiple replications for each
test, especially surface area, ICP-AES, carbon and nitrogen content, and XRD. Such
replications would have allowed for calculation of standard deviations for better comparison
testing. Additional replication for XRD may have yielded the identification of additional
minerals. In most cases, replications were not achieved due to funding constraints. The
determination of cations in addition to anions for the biochar extractions, as well as the
cation exchange capacity of the biochar would be useful in determining the availability of
ions after additions to soil.
The bacterial transport studies did not yield any conclusive results due to errors and
unacceptable variances in measurements. Improvements in the experimental design would
include reducing the number of columns run per day or reducing or eliminating the bacterial
plating process as both of these processes may have introduced significant opportunities for
error. Most of the transport studies were conducted with four columns at a time, which
increased the materials, preparation, plating, and measurements four-fold. Running two
columns per day instead may allow for more careful preparations and added attention to
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detail. Concurrent measurements such as bacterial distribution within the columns, ionic
chromatography, pH, SpC, absorbance, and turbidity were not completed in preference to
collecting and measuring bacterial recovery of the column effluents. Transport and
adsorption kinetics can be described by utilizing curve-fitting algorithms on the curves
produced from column transport studies as in this experiment. Future studies could
determine and compare the mechanisms of transport as well as adsorption of biochar.

5.2 OTHER EXPERIMENTS
One area that further research concerns the production of phosphorus during the
pyrolysis process. Due to Kentucky’s high natural phosphorous concentrations in the soil,
determination of how pyrolysis changes phosphorous levels is warranted. Would
phosphorous leaching change if pyrolysis temperature and amendment rates were varied in
the soil? What are the potential effects of additional phosphorus within Kentucky soils?
Additional measurements that could be conducted concurrently with characterization of
bacterial transport would be hydrophobicity, zeta potential, and ionic strength of horse muck
biochar and the solution. Transport and adsorption is largely and electrical phenomenon at
the micro-level, and therefore warrants the measurement of electrical parameters.
The horse muck utilized for these experiments were obtained with bedding material
intermixed. The amount and type of bedding were not controlled for these experiments and
may not have been uniform with each sample created. The effects of types of bedding and
ratio of bedding to manure during the pyrolysis process have not been explored. Additional
experiments determining if bedding alters the chemical properties of the biochar would be
integral to determining the effectiveness of horse muck biochar.
Prior to introduction of horse muck biochar for public or farm use, the effects of
biochar on the soil ecosystem needs to be determined. Studies have been conducted to
uncover how biochar affects macro-organisms in the soil such as earthworms. Beesley et al.
(2011) noted that earthworms did not avoid soil amended with biochar if the particles were
less than 2 mm in size. Less than 1% of the biochars used for this study had particle sizes
greater than 0.71 mm. Would horse muck biochar be detrimental or avoided by earthworms?
Would the horse muck biochar have a negative impact on the ground ecosystems?
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It may be difficult to reproduce the horse muck samples obtained for this experiment (i.e.
may need to sample lots of horse muck to evaluate central tendencies as extent of variations
is not known), and some detail may need to be considered that which could affect the horse
muck biochar’s properties. Feed type and use of supplements would affect what nutrients are
in the muck, along with the species, age, and gender of the animal. The deposition
environment, including the bedding type, temperature, moisture, time, insects, and
detritivores could all play a role in the characteristic outcome of muck derived biochar.
Lastly, the maturity of the muck pile in regards to composting needs to be considered since
the amounts of bacteria, fungi, and insects would vary with duration of exposure.
The study of bacterial adhesion to soil particles relies heavily on the measurement of
the inorganic medium, solution, and macro-scale properties of the bacteria. Why do bacteria
“want” to adsorb to soil particles? Are they relatively passive until they come in contact with
a surface, or are there signs that intentional sorption occurs? In other words, how does the
life-cycle and genetic toolkit play a part in bacterial adhesion?
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APPENDIX A: HORSE MUCK AND DAIRY MANURE BIOCHAR
CHARACTERIZATION
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Table A.1.pH values from this study and examples from the literature.
Feedstock1
HS
HW
D
Paved Feedlot (Cow)
Dairy
Paved Feedlot (Cow)
Dairy manure
Poultry Manure 500
Poultry litter
Poultry Litter
Turkey Litter
Swine Solids
Swine Solids
Oak 300
Oak Wood
Oak Wood
Pine chips
Pine chips
Pine Wood
Spruce
Spruce
Poplar
Poplar
Corn straw
Corn straw
Peanut straw
Peanut straw
Soybean straw
Soybean straw
Switchgrass
Switchgrass
Canola straw
Canola straw
Grass Clippings
Leaves
1HS=horse

Pyrolysis Temperature (°C)
700
700
700
350
350
700
450
500
500
350
700
350
700
300
350
600
400
500
600
400
460
400
460
300
700
300
700
300
700
350
600
300
700
500
500

pH
10.88
10.82
11.94
9.10
9.20
10.30
7.11
10.60
9.88
9.65
9.90
8.40
9.50
4.20
4.80
6.38
7.55
8.30
5.97
6.90
8.70
9.00
9.20
9.37
11.32
8.60
11.15
7.66
11.10
8.50
9.40
6.48
10.76
9.60
9.00

Source
Griffith (2015)
Griffith (2015)
Griffith (2015)
Cantrell et al. (2012)
Cantrell et al. (2012)
Cantrell et al. (2012)
Cao et al.. (2011)
Enders et al. (2012)
Gaskin et al. (2008)
Lehmann et al. (2011)
Cantrell et al. (2012)
Cantrell et al. (2012)
Cantrell et al. (2012)
Enders et al. (2012)
Lehmann et al. (2011)
Lehmann et al. (2011)
Gaskin et al. (2008)
Gaskin et al. (2008)
Rajkovich et al. (2011)
Kloss et al. (2012)
Kloss et al. (2012)
Kloss et al. (2012)
Kloss et al. (2012)
Yuan et al. (b) (2011)
Yuan et al. (b) (2011)
Yuan et al. (b) (2011)
Yuan et al. (b) (2011)
Yuan et al. (b) (2011)
Yuan et al. (b) (2011)
Granatstein et al. (2009)
Granatstein et al. (2009)
Yuan et al. (b) (2011)
Yuan et al. (b) (2011)
Enders et al. (2012)
Enders et al. (2012)

muck with straw bedding, HW=horse much with woodchip bedding, and D=dairy manure.
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Table A.2. SpC values from this study and the literature.
Feedstock1
Pyrolysis Temperature (°C) SpC (mS cm-1)
HS
700
1.84
HW
700
2.64
D
700
3.64
Digested dairy manure
300
2.11
Poultry – sawdust bedding
300
4.95
Dairy
350
0.54
Turkey litter
350
0.65
Paved feedlot (cow)
350
0.71
Poultry litter
350
1.41
Digested dairy manure
400
2.0
Poultry – sawdust bedding
400
3.3
Poultry litter
400
6.3
Cow manure
400
9.2
Poultry litter
400
15.5
Digested dairy manure
500
2.2
Poultry – sawdust bedding
500
4.2
Beef feedlot manure
550
16.0
Digested dairy manure
600
2.3
Poultry – sawdust bedding
600
3.8
Dairy
700
0.7
Turkey litter
700
1.0
Paved feedlot (cow)
700
1.1
Poultry litter
700
2.2
1HS=horse

Source
Griffith (2015)
Griffith (2015)
Griffith (2015)
Rajkovich et al. (2011)
Rajkovich et al. (2011)
Cantrell et al. (2012)
Cantrell et al. (2012)
Cantrell et al. (2012)
Cantrell et al. (2012)
Rajkovich et al. (2011)
Rajkovich et al. (2011)
Singh et al. (2010)
Singh et al. (2010)
Leisch et al. (2010)
Rajkovich et al. (2011)
Rajkovich et al. (2011)
Sinclair et al. (2011)
Rajkovich et al. (2011)
Rajkovich et al. (2011)
Cantrell et al. (2012)
Cantrell et al. (2012)
Cantrell et al. (2012)
Cantrell et al. (2012)

muck with straw bedding, HW=horse much with woodchip bedding, and D=dairy manure.
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Table A.3. Biochar nutrient and elemental analysis (≥500°C pyrolysis temperatures) literature
sources.
Biochar Feedstock

Pyrolysis Temperature (°C)
----------------- Bovine ----------------Dairy Manure
500
Manure (Parts: 2 Bull, 1 Dairy, 1 Pine)
500
Digested Dairy Manure
500
Beef feedlot manure
550
Digested Dairy Manure
600
Dairy Manure
700
Paved Feedlot (Cow)
700
----------------- Poultry ----------------Poultry litter
500
Poultry litter SA
500
Poultry (sawdust bedding)
500
Poultry Litter
550
Poultry Litter
600
Poultry (sawdust bedding)
600
Chicken Litter
620
Poultry Litter
700
Turkey Litter
700
Poultry Litter
700
Poultry Litter
700
Turkey Manure + Woodchip (ash)
850
----------------- Herbaceous ----------------Peanut hulls
500
Peanut hulls SA
500
Peanut Hull
500
Switchgrass
500
Corn Stover
500
Hazelnut Shells
500
Corn Stover (IA)
500
Canola straw
500
Corn straw
500
Peanut straw
500
Soybean straw
500
Corn hulls
500
Corn stover
500
Giant Reed
500
Corn Stover (IA)
505
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Source
Cao and Harris (2010)
Kolb et al. (2009)
Rajkovich et al. (2011)
Sinclair et al. (2008)
Rajkovich et al. (2011)
Cantrell et al. (2011)
Cantrell et al. (2011)
Gaskin et al. (2008)
Gaskin et al. (2008)
Rajkovich et al. (2011)
Chan et al. (2008)
Lehmann et al. (2011)
Rajkovich et al. (2011)
Ro et al. (2010)
Cantrell et al. (2011)
Cantrell et al. (2011)
Novak et al. (2009)
Uchimiya et al. (2012)
Spokas et al. (2009)
Gaskin et al., 2008
Gaskin et al., 2008
Novak et al., 2009
Novak et al., 2009
Rajkovich et al., 2011
Rajkovich et al., 2011
Spokas et al., 2009
Yuan et al., 2011
Yuan et al., 2011
Yuan et al., 2011
Yuan et al., 2011
Zhang et al., 2004
Zhang et al., 2004
Zheng et al., 2013
Spokas et al., 2009

Table A.3 (cont’d)
Biochar Feedstock

Pyrolysis Temperature (°C)
Source
----------------- Herbaceous ----------------Corn Stover (IA)
515
Spokas et al., 2009
Wheat straw
525
Bruun et al., 2012
Wheat straw
525
Kloss et al., 2012
Corn Stover
600
Lehmann et al., 2011
Corn Stover
600
Rajkovich et al., 2011
Hazelnut Shells
600
Rajkovich et al., 2011
Giant Reed
600
Zheng et al., 2013
Pecan Shell
700
Novak et al., 2009
Miscanthus
700
Prendergast-Miller et al., 2013
Canola straw
700
Yuan et al., 2011
Corn straw
700
Yuan et al., 2011
Peanut straw
700
Yuan et al., 2011
Soybean straw
700
Yuan et al., 2011
Corn Stover (Australia)
815
Spokas et al., 2009
----------------- Woody (Softwood) ----------------Pine chips
500
Gaskin et al. (2008)
Pine chips SA
500
Gaskin et al. (2008)
Pine Wood
500
Rajkovich et al. (2011)
Poplar
525
Kloss et al. (2012)
Spruce
525
Kloss et al. (2012)
Pine
550
Zheng et al. (2013)
Poplar
550
Zheng et al. (2013)
Pine Wood
600
Rajkovich et al. (2011)
----------------- Woody (Hardwood) ----------------Oak Wood
500
Rajkovich et al. (2011)
Oak
500
Zhang et al. (2004)
Hardwood char
538
Spokas et al. (2009)
E. Salinga
550
Krull et al. (2014)
E salinga wood
550
Singh et al. (2010a)
Conocarpus waste
600
Al-Wabel et al. (2013)
Oak Wood
600
Lehmann et al. (2011)
Oak Wood
600
Rajkovich et al. (2011)
Conocarpus waste
800
Al-Wabel et al. (2013)
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Table A.4. Carbon and nitrogen values for biochars created from pine wood, wheat straw, and
bovine feedstocks.
Pyrolysis
C
N
C:N
Feedstock
Temperature
(% wt.)
(% wt.)
Ratio
(°C)
-----------------Wheat Straw Biochar ----------------Wheat Straw
525
69.6
1.5
46
Wheat Straw
525
77.9
1.0
75
Mean±Stdev
73.8±59 1.3±0.4 60.5±20.5
HS
700
56.9
1.3
45
-----------------Pine Wood Biochar -----------------

Source

1

Bruun et al., 2012
Kloss et al., 2012
Griffith (2015)

Pine Chips
Pine Chips-steam
activated

500

81.7

0.2

366

Gaskin et al., 2008

500

82.0

0.2

373

Gaskin et al., 2008

Pine Wood

500

83.4

0.1

834

Pine Wood

550

86.0

0.2

391

Pine Wood

600

87.0

0.1

669

HW

84.0±2.4 0.2±0.1 527±213
700
79.5
1.2
68
-----------------Bovine Manure Biochar -----------------

Mean±Stdev

Dairy Manure
Digested Dairy
Manure
Digested Diary
Manure
Dairy Manure
Paved Feedlot (Cow)
Mean±Stdev
D

1HS=horse

500

1.7

0.0

42

500

59.4

2.6

23

600

62.8

2.3

28

700
700
700

56.7
1.5
52.4
1.7
46.6±25.4 1.6±1.0
50.4
1.4

38
31
32.4±7.6
35

Rajkovich et al.,
2011
Zhang et al., 2013
Rajkovich et al.,
2011
Griffith (2015)
Cao and Harris,
2010
Rajkovich et al.,
2011
Rajkovich et al.,
2011
Cantrell et al., 2011
Cantrell et al., 2011
Griffith (2015)

muck with straw bedding, HW=horse much with woodchip bedding, and D=dairy manure.
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Table A.5. HS biochar particles size analysis sieve results.
Sieve size (μm)
710
500
425
355
250
150
45
Pan

Individual (%)
0.39
0.39
1.18
1.57
7.09
29.92
43.70
15.75

Cumulative (%)
0.39
0.79
1.97
3.54
10.63
40.55
84.25
100.00

% Finer
99.61
99.21
98.03
96.46
89.37
59.45
15.75
0.00

Table A.6. HW biochar articles size analysis sieve results.
Sieve size (μm)
710
500
425
355
250
150
45
Pan

Individual (%)
0.37
0.75
1.50
3.00
20.60
36.33
29.96
7.49

Cumulative (%)
0.37
1.12
2.62
5.62
26.22
62.55
92.51
100.00

% Finer
99.63
98.88
97.38
94.38
73.78
37.45
7.49
0.00

Cumulative (%)
0.39
1.57
3.92
9.80
25.49
49.02
78.43
100.00

% Finer
99.61
98.43
96.08
90.20
74.51
50.98
21.57
0.00

Table A.7. D biochar articles size analysis sieve results.
Sieve size (μm)
710
500
425
355
250
150
45
Pan

Individual (%)
0.39
1.18
2.35
5.88
15.69
23.53
29.41
21.57
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Table A.8. Published Particles Size Distributions (Percent Fractions).
Size (µm)
<50
50-100
100-500
500-1,000
>1,000
Size (µm)
<63
63-2000
2000-5000
Size (µm)
<100
100-500
500-1,500
>1,500
Size (µm)
<2,000
2,000-10,000
Size (µm)
<600
600-1,180
1,180-2,360
2,360-4,750
>4,750
1HTC

Feedstock
10
10
50
25
5

Pitch Pine (Kim et al., 2012)
Pitch Pine, 300oC
Pitch Pine, 400oC
20
30
25
25
50
43
5
2
0
0

Pitch Pine, 500oC
30
30
40
0
0

Maize, Beechwood, Maize Silage HTC1 (Abel et al., 2013)
Maize BC, 750oC
Beechwood, 550oC
Maize Silage, HTC 200oC
4.3
2
1.2
95.7
51.7
98.8
0
46.3
0
Hardwood Mix, Corn Straw (Chen et al., 2011)
Hardwood, FP1 450oC
Corn Straw, 600oC
3.9
12.7
84.2
75.7
9.9
11.6
2
0
Hardwood Mix, Hardwood E. marginatus (Jones et al., 2011)
Hardwood mix, 450oC
E. marginatus, 600oC
Present
100
Present
0

Sawdust
Feedstock
20
45
24
10
1

Sawdust, Woodchip (Downie et al., 2009)
Sawdust,
Sawdust,
Sawdust,
Woodchip
o
o
o
450 C
500 C
750 C
Feedstock
32
62
60
7
41
28
30
14
16
6
7
27
8
2
3
36
3
2
0
16

=hydrothermal carbonization; FP = fast pyrolysis
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Woodchip,
700oC
12
22
34
27
5

Figure A.1.General SEM image of HS biochar at 1,000 magnification, 50 µm scale.

96

Figure A.2. SEM image of HS biochar. Large piece at 180x magnification, 250 µm scale.
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Figure A.3. SEM image of HS biochar. Large piece at 1,800x magnification, 25 µm scale.
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Figure A.4. General SEM image of HS biochar. Granules and “sticks” at 80x magnification, 500 µm
scale.
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Figure A.5. SEM image of HS biochar. End of “stick” view at 300x magnifications, 100 µm scale.
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Figure A.6. SEM image of HS biochar. Granule and cavity at 2,500x magnification, 20 µm scale.
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Figure A.7. SEM image of HS biochar. Close-up of end of “stick” with 1,500x magnification, 20 µm
scale.
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Figure A.8. General SEM image of HS biochar at 120x magnification, 250 µm scale.
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Figure A.9. General SEM image of HW biochar. Large piece of debris at 70x magnification, 500 µm
scale.
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Figure A.10. SEM image of HW biochar. Tip of “stick” at 500x magnification, 100 µm scale.
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Figure A.11. SEM image of HW biochar. Woody debris at 250x magnification, 200 µm scale.
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Figure A.12. SEM image of HW biochar. Woody debris at 180x magnification, 250 µm scale.
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Figure A.13. General SEM image of D biochar at 200x magnification, 200 µm scale.
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Figure A.14. SEM image of D biochar. End of piece of biochar showing holes at 1,200x
magnification, 25 µm scale.
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Figure A.15. General SEM image of D biochar at 6,000x magnification, 500 µm scale.
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Figure A.16. SEM image of D biochar. Granule at 900x magnification, 50 µm scale.
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Figure A.17. SEM image of D biochar. Close-up of “dust” at 1,500x magnification, 20 µm scale.
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Figure A.18. Cumulative Distribution of HS, HW and D Biochars from Sieve Analysis.
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Figure A.19. Histogram of Particle Size Distribution of HS Biochar from Sieve Analysis.
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Figure A.20. Histogram of Particle Size Distribution of HW Biochar from Sieve Analysis.
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Figure A.21. Histogram of Particle Size Distribution of HD Biochar from Sieve Analysis.
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Figure A.22. Cumulative Distribution of HS, HW and D Biochars from LISST Analysis.
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Figure A.23. Histogram of Particle Size Distribution of HS Biochar from LISST Analysis.
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Figure A.24. Histogram of Particle Size Distribution of HW Biochar from LISST Analysis.
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Figure A.25 Histogram of Particle Size Distribution of HD Biochar from LISST Analysis.
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APPENDIX B: BACTERIAL COLUMN EXPERIMENT CHECKLIST
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B.1.1 PREPARATION
Create Soil + Biochar Mixture. Place 1 g of biochar in 50 g soil. Place mixture in a
roller mixer for 1h.
Column Saturation Tubes: 24 tubes labeled with the treatment, series number, and
date.
Dilution Tubes: Determine number needed by (fraction collector tubes) x (dilutions)
x (replicates) x (4 columns).
o Diluent: 9 mL in D1-D4. 6 mL in D 3.5
Autoplater Plates: Determine number needed by number of dilution tubes, unless
number of required dilutions is reduced.
Column Fraction Tubes: 40, labeled with treatment, fraction and date.
4 clean soil columns with all associated parts, including stands and counter space.
Fraction Collectors and Tubes: for 8 min setting, 76 glass fraction tubes are needed
Syringe pumps: 2 required
KCl and KBr solutions: Prepare at least 2 L of KCl and 1 L of KBr. Ensure bacterial
strains and Luria broth (LB) are available.
IC Bottles and Filters: Amount needed is equal to number of fractions collected.

B.1.2 DAY 1
B.1.2.1 Column Packing
Label and record weights of components in Table B.1. Requires approximately 10
min to complete.
Assemble columns. Check for fine and coarse screens at outlet and coarse screen at
inlet. Record assembly numbers in Table B.2. Requires approximately 2 min to
complete.
Pack columns, record empty weights, full weights, and bulk densities in Table B.3.
Requires approximately 80 minutes to complete (20 min per column x 4 columns).
Saturate columns with CO2 gas for 20 min.
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Table B.1. Component weights data sheet.
Stand
(g)

Column
1
2
3
4

Clamp
(g)

Column
Glass (g)

Column
Bottom (g)

Column
Top (g)

Empty T –
tubes (g)

Table B.2. Column assembly numbers.

Item
Stand
Clamp
Column Glass
Column Bottom
Column Top
T – tube

1Pyroloysis

2HS=horse

Treatment
Biochar1,2 Amended Soil
HS
HW

Unamended Soil

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.

Table B.3.Columns weights and bulk densities.

Column
Soil
Dairy
Straw
Woodchip

A

B

Empty1 (g)

Packed
Dry1 (g)

C
Packed
Dry2
(g)

D

E

Added3 (g)

Volume4
(cm3)

F
Bulk
Density5
(g cm-3)

1No

top.
top.
3Added = B-A. C was used to calculate saturation.
4Volume = Area x height. Area of 4.9087 cm2 (inside diameter of 2.50 cm) and height of 10 cm.
3Bulk Density = D/E
2With

Saturate each column with 60 mL KCl at a rate of 0.67 mL min-1. Requires
approximately 1.5 hours to complete.
Saturate each column with an additional 100 mL KCl. Collect 20 mL fractions.
Measure pH and specific conductance (SpC) of column saturation effluent. Record
values in Table B.4.
123

Table B.4. Column effluent pH and SpC (mS cm-1).
Unamended Soil
#
1
2
3
4
5
6
7
8

pH

1Pyroloysis

2HS=horse

SpC

#
1
2
3
4
5
6
7
8

Treatments
Biochar1,2 Amended Soil (5% w/w)
HS
HW
pH
SpC
#
pH
1
2
3
4
5
6
7
8

SpC

temperature of 700oC.
muck with straw bedding, HW=horse muck with woodchip bedding, and D=dairy manure.

B.1.2.2 Inoculation
Inoculate 2 x 14 mL round bottom tubes of LB broth with bacterial colony, one with
Escherichia coli SP1H01 and one with SP2B07. Mix well.
Place inoculated tubes and 4 x 50 mL centrifuge tubes (C1-C4) of LB broth into
incubator.
Incubate overnight at 37oC.

B.1.3 DAY 2
B.1.3.1 Centrifugation
Centrifuge C1-C4 at 4,910 rpm for 15 minutes. Remove supernatant.
Combine C1 with C3 and C3 with C4. Centrifuge at 4,910 rpm for 15 minutes.
B.1.3.2 Protein Analysis, Absorption, Lowry Method
Dilute concentrations of C1+C3 and C2+C4 until reading is 0.07 at a wavelength
546 nm. Use equation B.1 to determine about of C1+C3 and C2+C4 to add to KBr
solution to achieve a final volume of 200 mL.
0.076
𝑉𝑉𝑏𝑏 = �
� × 200 𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

(eqn. B.1)
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B.1.3.3 Column Experiment Process
Collect column effluent for 2 min to determine background concentration.
Add KBr-bacterial solution (KBr plus bacterial solution of C1+C3 or C2+C4) to
columns for 50 min.
o Dilute and plate as racks are filled (48 min part).


D1: add 1 mL effluent to 9 mL 2mM KCl



D2: 1 mL of D1 to 99 mL 2mM KCl



D3: 1 mL of D2 to 999 mL 2mM KCl



D3.5: 4 ml from D4 to 2,496 mL 2mM KCl



D4: 1 mL of D3 to 9,999 mL 2mM KCl

o Filter effluent using 0.45 μm for IC.
Add KCl to columns for 96 min.
After completing the column experiment, weigh columns and record weights in
Table B.5.
Dissect columns
o Centrifuge at 300 rcf for 5 min.
Plate and incubate samples for 4 hours (be sure to set timer on Incubator).
Finish filtering for IC using 0.45 μm filters. Clean work area
Table B.5. Saturated column weights.
Treatment
Unamended
Soil
HS amended
soil
HW amended
soil

Saturated
Weight (g)

Full Dry with Top
(g)(from Table B.3)

125

Saturated Weight (g) – Full
Dry Weight (g)

B.2.1 PREPARATION PROTOCOL
B.2.1.1 Column Saturation Effluent Tubes
Centrifuge Tubes: 24 x 50 mL centrifuge tubes needed in total. Collect, in tubes, column
effluent during saturation and during Day 2 procedures (Section B.1.3). Each column uses 6
tubes, labeled with the treatment, series number (1-6), and date.

B.2.1.2 Dilution Tubes
The number of dilutions is determined by the extent of diluted sample needed to
achieve an adequate count of bacterial colonies after plating as well as “enough” colonies
without wasting plates and tubes on dilutions expected to produce zero counts. Dilutions
begin at D1 and continue in the order D2, D3, D3.5, and D4. A D3.5 dilution was
predetermined to be an ideal range for counting colonies if the initial bacterial concentration
was sufficient. In this experiment, a total of 60 fractions (19 fractions x 4 columns) were
collected using the 8 min setting, but not all fractions were diluted or plated. Refer to Section
B.1.3.3. Consideration should also be given for replications (number of dilutions x
replications). For bacterial die-off studies, samples are collected at the initial time or time
zero (T0) and the final time (T1). T0 and T1 dilutions consist of D1-D4 (including D3.5) as
well as two replications (A and B). Multiply this number by the number of treatments that
will be diluted (i.e. per column).
For example, assume five dilutions (D1- D4, including D3.5) are needed. Three
replicates are desired, so 5 x 3 = 15 tubes. If there are three treatments (unamended soil, HS
amended soil, and HW amended soil) then 15 x 3 = 45 dilution tubes needed. T0 includes
five dilutions with two replicates: 5 x 2 = 10 tubes; 10 additional tubes are required for T1. In
total, 90 tubes are needed (3 treatments x 3 replications x 2 times x 5 dilutions).
B.2.1.3 Plate Setup
The number of plates is predetermined based on the number of required dilutions.
Usually the first run of the experiment utilizes all of the dilution tubes, plus the D0 solution
(non-diluted sample). In this experiment, a total of 60 fractions were collected with the 8
min setting. Using the Autoplater (spiral plate) method, there is one dilution tube per plate.
If using the drop plate method, there are four tubes to a plate (one tube per quarter). Plate
numbers must include at least one blank per treatment, and possibly multiple agar types. Be
sure to include the T0 and T1 plates.
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1. Determine number of plates needed. If plates are not already poured and stored in
the freezer, new ones must be made one day prior to plating.
2. Using a Sharpie, label each plate with the correct treatment (unamended soil, HS
amended soil, and HW amended soil), dilution (D0-D4, D3.5), and replicate (A, B,
C), and time (T0 or T1).
3. If plates contain condensation or are not at room temperature, place them with lids
askew inside the incubator for no more than 20 min. Be careful not to set plates near
blowers or vents as doing so will dry the plates completely and give poor results.
B.2.1.4 Column Fraction Tubes
Dissect each column in 1cm increments to produce 10 fractions per column (10 cm
tall column). One 50 mL centrifuge tube should be labeled with the treatment, the fraction
number (1-10) and the date of the experiment for each of the 40 fractions. Use a clean
plastic scoop and KimWipes during dissection.
B.2.1.5 IC bottles and filters
IC bottles and filters are needed to determine the KCl and KBr breakthroughs from
each effluent fraction collected from the experiment.
IC Bottles (1.5mL): 152 x 1.5 mL glass IC are bottles needed to collect effluent.
Label each bottle with treatment designation (unamended soil, HS amended soil, and
HW amended soil), series number (1-37), one for each background (unamended soil,
HS amended soil, and HW amended soil), and the date.
Bottle Reduction: Reduce the number of samples filtered by observing the
previous microsphere data in the effluent of the columns. Microsphere
breakthrough does not occur until several fractions of effluent have passed through,
so these fractions do not need to be filtered with IC, thus saving approximately 24
or more bottles.
3 mL syringes : 152 x 3 mL syringes for filtration. No labeling needed. See reduction
method in prior bullet.
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0.45 μm Polypropylene Media Filters: 152 x 0.45 μm Polypropylene Media Filters to
attach to 3 mL syringes. See reduction method in prior bullet.
B.2.1.6 Effluent Fraction Collectors
Set fraction collectors 8 min intervals to collect each fraction. The first tube of the
first rack collects several mL of the background effluent. Tube 2 is passed over to correct
the timing on the fraction collectors, and therefore is not used. Bacterial effluent is pumped
into the column for 50 min. At an 8 min interval, 6.25 tubes (50 divided by 8) are needed.
The solution then shifts to KCl for 96 min requiring 12 tubes (96 divided by 8). Overall,
Tube 1 is used, and Tube 2 is not. Tubes 3-9 run during the bacterial solution and Tubes 921 run during the 96 min KCl solution (20 fraction tubes x 3 treatments = 60 fraction tubes).
B.2.1.7 Other Preparations
Make sure KCl and KBr solutions are made and equilibrated. Counter space should
be ready for experiment with fraction collectors and syringe pumps in working condition.

B.2.1.7.1 Day 1
B.2.1.7.1.1 Column Packing
See B.1.1 and B.1.2 for preparation procedures and Section B.4 for soil + biochar mixtures.
1. Label and record weights of components in Table B.1.
2. Assemble columns. Check for fine and coarse screens at outlet and coarse screen at
inlet. Note which parts are put together (input number listed on component). Record
assemblies in Table B.2.
3. Pack columns to 10 cm height. Record empty and full weights of column assemblies
with and without the column top in Table B.3.
4. Saturate each column with CO2 gas for 20 min.
5. Saturate each column with KCl. Pass 60 mL through each column at 0.67 mL min-1. Let
stand overnight.
6. Pass an additional 100 mL of KCl through the columns at 0.67 mL min-1. Collect fractions
of 20 mL in 50 mL labeled tubes to measure pH and SpC. Record pH and SpC in Table B.5.

B.2.1.7.1.2 Inoculation
1. Obtain 2 x 14 mL round bottom test tubes and 4 x 50 mL centrifuge tubes filled
with LB broth from refrigerator.
128

2. Swipe 1 dark colony or 2-3 small colonies from source plate using inoculating
loop/needle. Add to one 14 mL tube, stirring vigorously. Swipe additional colonies
with new loop and inoculate second 14 mL tube, stir.
3. Put 50 mL tubes into rotisserie and the 14 mL tubes into a foam rack, set into the
incubator.
4. Incubate overnight at 37oC.
B.2.1.7.1.3 Other Preparations
1. Collect, label, and set aside all other items needed for the experiment. See Section
B.1.

2.1.7.1.2 Day 2
2.1.7.1.2.1 Bacterial Solution Preparation
2.1.7.1.2.1.1 Centrifugation
1. Add 40 μl from the 14 mL tubes to each of the four 50 mL tubes. Incubate at 37oC
for 4 hours.
2. After 4 hr incubation of bacteria, remove 4 x 50 mL tubes from rotisserie and place
in Styrofoam tray. Discard 14 mL inoculant tubes in biohazard container.
3. Grab 3 pairs of gloves, a 50 mL pipette, pipette hand pump, 1 L KBr, and 150 mL
beaker.
4. Centrifuge the four 50 mL bacterial tubes at 4,910 rpm for 15 min.
5. Pour off supernatant and add 15 mL KBr solution to each tube (keep pellet). Vortex
two tubes to mix pellet, and add one each to the other pelleted tubes. Discard empty
tubes and vortex the two remaining to mix the pellet.
6. Centrifuge tubes at 4,910 rpm for 15 min.
7. Pour off supernatant again. Add 40 mL KBr to one tube, keep the other empty.
2.1.7.1.2.1.2 Protein Analysis, Absorption, Lowry Method
1. Set spectrometer (x-ray and visible spectrometer) to Protein Analysis, Lowry
Method, and set the wavelength to 546 nm.
2. Put 1 mL KBr solution into empty cuvette, and autozero analyzer using KBr.
3. Vortex the tube containing the 40 mL KBr and pellet until homogenized. Add 1 mL
into a new cuvette and read absorption reading.
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4. Desired reading is 0.07 at 546 nm. Write down measured reading, and input into
calculation to determine mL of bacterial solution needed to produce desired initial
bacterial concentration for the experiment.
Equation:
0.076

x

Measured reading

Volume of

= Volume of bacterial

solution needed

solution to add to base

Example:
0.076

x

200mL =

17.63mL

0.794
5. Calculate volume of KBr needed using length of time needed and flow rate. For 50
min at 0.67ml min-1 = 33.5 ml x 4 tubes = 134 ml. Add extra for standards and loss.
Use 200 mL KBr solution.
6. Put 200 mL KBr solution into 500 mL beaker or flask.
7. Remove amount of KBr solution equal to calculated in step 4-5.
8. Add 10-20% less bacterial solution (in mL) into the 500 mL container than taken
out.
Ex: 17.63 mL removed, 15mL added back (about 15% less)
9. Stir well, Remove 1 mL of mixed solution to cuvette and measure
10. If low, add 1mL bacterial solution, if high add 1mL Kbr. Read again at 546 nm.
Repeat additions and measurements until result is 0.07.
11. Add 35 mL of bacterial solution to each of 4 x 60 mL syringes.
12. Plate T0 plates using 3-5 mL of bacterial solution. Save standard solution for T1
plates at the end of experiment.
13. Install syringes into syringe pump for experiment.
2.1.7.1.2.1.3 Column Experiment Process
1. Fraction collectors should be set equally to the designated fraction time (8 min).
2. Begin fraction collectors (start) and turn on KCl pump for 2 min to collect
background in tube 1 of fraction collectors. After two minutes, manual advance
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fraction collectors to tube 3 (this is fraction 1 of experiment). Begin a timer for 49
min.
3. Turn on syringe pump containing the microsphere solution, and add to columns for
50 min at 0.67 mL min-1. Remove fraction collector tubes as they finish for plating
and place into labeled racks. Racks finish approximately 48 min apart for 8 min
setting.
a. The fraction tube obtained from the experiment is D0. Add 1 mL of the
bacterial fraction into D1.
b. Vortex D1, then remove 1 mL from D1 and add to D2 and Vortex.
c. Continue from D2 to D3, skip D3.5 and add 1 mL of D3 into D4, votexing
to mix every time.
d. Finally, remove 4 mL from D3 and add it to D3.5 (for a total of 10mL
bacterial solution + diluent).
e. Plate dilutions.
4. After 50 min, switch to 0.002 M KCl solution and continue to collect samples for 96
min. Continue to remove racks as they are finished for plating.
5. Weigh saturated columns, record weight in TableB.5.
6. When finished, stop syringe pump. Dissect columns, adding 1 cm layers to separate
50 mL centrifuge tubes (label with treatment, layer number, and date).
7. Place samples in order within labeled racks. Bring samples to lab for dilution and
plating.
8. Vortex column fraction samples. Then centrifuge at 300 rpm for 5 min.
9. Dilute all samples using dilution racks. Plate samples on Autoplater.
10. Set incubator to turn on 15 min before ready to input, and to incubate for 4 hr.
11. Plate T1 samples from original bacterial solution.
12. Filter 1.5 mL of effluent from each tube using 3 mL syringe attached to 0.45 μm
polypropylene media filters for Ionic Chromatography. Filter into labeled IC bottles
to determine Br and Cl curves.
13. Clean and sanitize work area.
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B.3.1 SUPPLIES FOR BACTERIAL COLUMN EXPERIMENT
Table B.6. General supplies.
2 syringe pumps
Dilution tubes
2 fraction collectors
IC bottles and filters
40 x 50mL centrifuge tubes: column dissection
24 x 50mL centrifuge tubes: column saturation
Plates: XLD, LB, etc.
KCl and KBr solutions

4 Column setups
Soil + Biochar Mixtures

Table B.7. Bacterial concentration supplies.
500 mL beaker or flask
1 L of KBr solution
1-5 mL pipette and tips
0-1000 μl pipette and tips
2 x 14 mL round bottom test
tubes with LB broth

Box of cuvettes
Dilution tubes/racks
Mini vortex
Protein analyzer
4 x 50 mL centrifuge tubes

150 mL beaker
50 mL pipette and hand pump
Gloves
3- 4 Styrofoam trays
4 x 60 mL syringes. Labeled
“Bac, KBr”

B.4.1 SOLUTIONS AND MIXTURES
B.4.1.1 Soil + Biochar Mixture
Mix biochar and soil with 0.002 M KCl buffer (5% w/w). Use 200 g soil for control
and 196 g soil + 4 g biochar for biochar treatments. Add 10 g KCl solution to each mixture.
Mix on roller for 1 hr.
B.4.2.1 KCl/KBr Solution
Molar concentration calculation (K## stands for KCl or KBr):
(mL of 1M K## stock added to DiH2O) = (Molarity Desired) x (mL solution needed)
Ex: For 0.002 M K##
(mL K##) = (0.002 x 1,000 mL) = 2 mL (This is 2 mL per liter of DiH2O)
For 1L solution of 0.002 M KCl: Add 1 L of DiH2O to 1 L graduated cylinder.
Remove 2 mL of DiH2O into sink. Add 2 mL of 1 M stock KCl solution to graduated
cylinder. Pour mixture into 1 L Corning 0.22 μm filter unit and attach to vacuum for
filtration. Label and date bottle.
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APPENDIX C: BACTERIAL TRANSPORT EXPERIMENTS
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C.1 TRANSPORT STUDY: FRACTIONAL RECOVERIES
Figure C.1. Normalized Effluent Concentration for HS, Isolate SP1H01.
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Figure C.2. Normalized Effluent Concentration for HS, Isolate SP2B07.
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Figure C.3. Normalized Effluent Concentration for HW, Isolate SP1H01.
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Figure C.4. Normalized Effluent Concentration for HW, Isolate SP2B07.

Normalized Effluent Concentration (Cf /C0t)

1.0

0.8

0.6

0.4

0.2

0.0
0

20

40

60

80

Time (min)

137

100

120

140

160

Figure C.5. Normalized Effluent Concentration for Soil, Isolate SP1H01.
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Figure C.6. Normalized Effluent Concentration for Soil, Isolate SP2B07.
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Figure C.7. Normalized Effluent Concentration for SP1H01, all Treatments.
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Figure C.8. Normalized Effluent Concentration for SP12B07, all Treatments.
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Table C.1. Fractional Recovery for HS, Isolate SP1H01.
Cf (cell mL-1)1
Time (min)
Rep 1
Rep 2
BG
0.00E+00
0.00E+00
16
0.00E+00
0.00E+00
24
2.81E+05
0.00E+00
32
5.25E+06
3.30E+06
40
8.50E+06
1.02E+07
48
7.75E+06
1.59E+07
56
1.09E+07
1.53E+07
64
1.35E+07
1.23E+07
72
1.80E+07
1.48E+07
80
1.18E+07
1.20E+07
88
6.31E+06
6.67E+06
96
3.91E+06
3.77E+06
104
3.66E+06
2.75E+06
112
3.19E+06
2.34E+06
152
1.50E+06
2.47E+06
4
C0t-1
3.37E+07
C0t-25

2.64E+07

1Effluent

Rf2

Rf/Tc3

0.00E+00
0.00E+00
7.54E+05
2.29E+07
5.00E+07
6.33E+07
7.00E+07
6.90E+07
8.78E+07
6.37E+07
3.48E+07
2.06E+07
1.72E+07
1.48E+07
1.06E+07
Σ Rf/Tc

0.00
0.00
0.00
0.02
0.05
0.07
0.07
0.07
0.09
0.06
0.04
0.02
0.02
0.01
0.01
0.53

PR±stdev6

53±12

concentration for each fraction
2 Total cells recovered per fraction (cells) (=Cf x 5.36 mL)
3 Tc = Total cellular input for transport column (cells) (=C0t x 33.5 mL)
4,5Concentration of the input bacterial solution for Rep1 and Rep 2, respectively
6PR = percent recovery (=Σ Rf/Tc x 100%)
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Table C.2. Fractional Recovery for HW, Isolate SP1H01.
Time (min)
BG
16
24
32
40
48
56
64
72
80
88
96
104
112
152
C0t-14
C0t-25

Cf (cell mL-1)1
Rep 1
Rep 2
0
0
0
0
0
265625
4218750
6984375
1.7E+07
1.5E+07
2E+07
1.8E+07
2.3E+07
2.2E+07
2.7E+07
2.2E+07
2.2E+07
1.9E+07
2E+07
1.6E+07
1.1E+07
5843750
4640625
2296875
3687500
1500000
3328125
1640625
2250000
843750
3.4E+07
2.6E+07

1Effluent

Rf2

Rf/Tc3

0.00E+00
0.00E+00
7.12E+05
3.00E+07
8.48E+07
1.00E+08
1.22E+08
1.31E+08
1.11E+08
9.61E+07
4.61E+07
1.86E+07
1.39E+07
1.33E+07
8.29E+06
Σ Rf/Tc
PR±stdev6

0.00
0.00
0.00
0.03
0.09
0.10
0.12
0.13
0.11
0.10
0.05
0.02
0.01
0.01
0.01
0.78
78±4

concentration for each fraction
cells recovered per fraction (cells) (=Cf x 5.36 mL)
3 Tc = Total cellular input for transport column (cells) (=C0t x 33.5 mL)
4,5Concentration of the input bacterial solution for Rep1 and Rep 2, respectively
6PR = percent recovery (=Σ Rf/Tc x 100%)
2 Total
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Table C.3. Fractional Recovery for Soil, Isolate SP1H01.
Time (min)
BG
16
24
32
40
48
56
64
72
80
88
96
104
112
152
C0t-14
C0t-25

Cf (cell mL-1)1
Rep 1
Rep 2

0.00E+00
ND
5.84E+06
1.85E+07
2.04E+07
2.09E+07
2.78E+07
2.31E+07
1.88E+07
8.00E+06
3.08E+06
1.80E+06
2.66E+06
1.84E+06
2.88E+06
3.53E+07
2.64E+07

0.00E+00
0.00E+00
1.06E+06
1.18E+07
1.53E+07
1.73E+07
1.85E+07
1.74E+07
1.51E+07
8.64E+06
3.50E+06
2.81E+06
2.48E+06
2.25E+06
1.55E+06

Rf2

Rf/Tc3

0.00E+00
0.00E+00
1.85E+07
8.11E+07
9.55E+07
1.02E+08
1.24E+08
1.08E+08
9.09E+07
4.46E+07
1.76E+07
1.24E+07
1.38E+07
1.10E+07
1.19E+07

0.00
0.00
0.02
0.08
0.09
0.10
0.12
0.11
0.09
0.04
0.02
0.01
0.01
0.01
0.01
0.71
71±1

Σ Rf/Tc
PR±stdev6

1Effluent

concentration for each fraction
cells recovered per fraction (cells) (=Cf x 5.36 mL)
3 Tc = Total cellular input for transport column (cells) (=C0t x 33.5 mL)
4,5Concentration of the input bacterial solution for Rep1 and Rep 2, respectively
6PR = percent recovery (=Σ Rf/Tc x 100%)
2 Total
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Table C.4. Fractional Recovery for HS, Isolate SP2B07.
Time (min)
BG
16
24
32
40
48
56
64
72
80
88
96
104
112
152
C0t-14
C0t-25

Cf (cell mL-1)1
Rep 1
Rep 2

0
0
406250
4671875
6875000
9234375
11343750
11343750
13453125
7562500
6593750
4218750
3312500
2765625
10203125
2.79E+07
2.99E+07

0
0
281250
7578125
13046875
16375000
19718750
21203125
17093750
ND
5265625
3718750
10296875
2156250
ND

Rf2

Rf/Tc3

0.00E+00
0.00E+00
1.84E+06
3.28E+07
5.34E+07
6.86E+07
8.32E+07
8.72E+07
8.19E+07
4.05E+07
3.18E+07
2.13E+07
3.65E+07
1.32E+07
5.47E+07

0.00
0.00
0.00
0.03
0.05
0.07
0.09
0.09
0.08
0.03
0.03
0.02
0.04
0.01
0.05
0.61
61±11

Σ Rf/Tc
PR±stdev6

1Effluent

concentration for each fraction
cells recovered per fraction (cells) (=Cf x 5.36 mL)
3 Tc = Total cellular input for transport column (cells) (=C0t x 33.5 mL)
4,5Concentration of the input bacterial solution for Rep1 and Rep 2, respectively
6PR = percent recovery (=Σ Rf/Tc x 100%)
2 Total

145

Table C.5. Fractional Recovery for HW, Isolate S2B07.
Time (min)
BG
16
24
32
40
48
56
64
72
80
88
96
104
112
152
C0t-14
C0t-25

Cf (cell mL-1)1
Rep 1
Rep 2

0.00E+00
ND
1.93E+05
6.22E+06
1.02E+07
1.31E+07
1.33E+07
1.51E+07
1.44E+07
1.37E+07
5.11E+06
3.44E+06
2.70E+06
2.16E+06
1.78E+06
3.07E+07
2.99E+07

0.00E+00
6.25E+04
1.00E+06
3.09E+06
6.39E+06
8.16E+06
9.27E+06
2.89E+06
9.47E+06
8.00E+06
4.23E+06
4.28E+06
2.33E+06
2.16E+06
ND

Rf2

Rf/Tc3

0.00E+00
3.35E+05
3.20E+06
2.50E+07
4.46E+07
5.70E+07
6.04E+07
4.82E+07
6.39E+07
5.82E+07
2.50E+07
2.07E+07
1.35E+07
1.16E+07
9.55E+06

0.00
0.00
0.00
0.02
0.04
0.06
0.06
0.05
0.06
0.06
0.02
0.02
0.01
0.01
0.01
0.43
43±14

Σ Rf/Tc
PR±stdev6

1Effluent

concentration for each fraction
cells recovered per fraction (cells) (=Cf x 5.36 mL)
3 Tc = Total cellular input for transport column (cells) (=C0t x 33.5 mL)
4,5Concentration of the input bacterial solution for Rep1 and Rep 2, respectively
6PR = percent recovery (=Σ Rf/Tc x 100%)
2 Total
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Table C.6. Fractional Recovery for Soil, Isolate SP2B07.
Time (min)
BG
16
24
32
40
48
56
64
72
80
88
96
104
112
152
C0t-14
C0t-25

Cf (cell mL-1)1
Rep 1
Rep 2

0.00E+00
ND
5.86E+05
1.30E+07
2.06E+07
2.36E+07
2.42E+07
2.52E+07
2.25E+07
1.86E+07
6.25E+06
ND
1.75E+06
1.91E+06
9.84E+05
3.48E+07
3.07E+07

0.00E+00
ND
1.82E+06
1.89E+07
2.08E+07
2.29E+07
2.66E+07
2.73E+07
2.25E+07
1.35E+07
3.47E+06
2.51E+06
1.23E+06
1.33E+06
1.09E+06

Rf2

Rf/Tc3

0.00E+00

0.00

6.45E+06
8.54E+07
1.11E+08
1.25E+08
1.36E+08
1.41E+08
1.21E+08
8.60E+07
2.60E+07
1.34E+07
8.00E+06
8.67E+06
5.57E+06

0.01
0.08
0.10
0.11
0.13
0.13
0.11
0.08
0.02
0.01
0.01
0.01
0.01
0.80
79±9

Σ Rf/Tc
PR±stdev6

1Effluent

concentration for each fraction
cells recovered per fraction (cells) (=Cf x 5.36 mL)
3 Tc = Total cellular input for transport column (cells) (=C0t x 33.5 mL)
4,5Concentration of the input bacterial solution for Rep1 and Rep 2, respectively
6PR = percent recovery (=Σ Rf/Tc x 100%)
2 Total
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C.2 TRANSPORT STUDY: COLUMN DISSECTIONS

Total Cellular Recovery/Total Cellular Input aRd/Tc (cells/cells)

Figure C.9. Column Dissection Results for HS, Isolate SP1H01.
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Figure C.10. Column Dissection Results for HW, Isolate SP1H01.
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Figure C.11. Column Dissection Results for Soil, Isolate SP1H01.
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Figure C.12. Column Dissection Results for HS, Isolate SP2B07.
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Figure C.13. Column Dissection Results for HW, Isolate SP2B07.
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Figure C.14. Column Dissection Results for Soil, Isolate SP2B07.
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Table C.7. Column Dissection Results for HS, Isolate SP1H01, Replication 1.
Cd (cell mL-1)1
1.72E+06
1.17E+06
9.69E+05
1.42E+06
1.44E+06
--1.13E+06
4.06E+05
7.03E+05
Tc

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10
1Effluent

Rd/Tc2
0.05
0.03
0.03
0.04
0.04
--0.03
0.01
0.02
1.11E+09

concentration for each fraction
normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)

2Represents

Table C.8. Column Dissection Results for HS, Isolate SP1H01, Replication 2.
Cd (cell mL-1)1
3.68E+06
1.70E+06
1.78E+06
-2.79E+06
-1.88E+06
--1.06E+06
Tc

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10
1Effluent

Rd/Tc2
0.11
0.05
0.05
-0.08
-0.05
--0.03

1.13E+09

concentration for each fraction
2Represents normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)
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Table C.9. Column Dissection Results for HS, Isolate SP2B07, Replication 1.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

4.14E+05
7.03E+05
1.11E+06
8.44E+05
9.30E+05
1.00E+06
2.00E+06
1.28E+06
1.34E+06
1.66E+06

Tc

1Effluent

Rd/Tc2

0.01
0.02
0.04
0.03
0.03
0.03
0.07
0.04
0.05
0.06
9.36E+08

concentration for each fraction
2Represents normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)

Table C.10. Column Dissection Results for HS, Isolate SP2B07, Replication 2.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

4.30E+05
5.31E+05
8.91E+05
9.06E+05
1.00E+06
-7.97E+05
--8.67E+05

Tc

1Effluent

Rd/Tc2

0.01
0.02
0.03
0.03
0.03
-0.03
--0.03
1.00E+09

concentration for each fraction
2Represents normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)
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Table C.11. Column Dissection Results for HW, Isolate SP1H01, Replication 1.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

9.84E+05
2.19E+05
1.56E+05
2.97E+05
2.50E+05
-3.75E+05
--4.38E+05

Tc

1Effluent

Rd/Tc2

0.04
0.01
0.01
0.01
0.01
-0.01
--0.02
8.67E+08

concentration for each fraction
2Represents normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)

Table C.12. Column Dissection Results for HW, Isolate SP1H01, Replication 2.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

3.59E+06
2.22E+06
9.22E+05
-2.48E+06
-7.97E+05
--7.66E+05

Tc

1Effluent

Rd/Tc2

0.10
0.06
0.03
-0.07
-0.02
--0.02
1.13E+09

concentration for each fraction
normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)

2Represents
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Table C.13. Column Dissection Results for HW, Isolate SP2B07, Replication 1.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

1.24E+06
4.61E+06
1.38E+06
2.20E+06
2.34E+06
-2.13E+06
--1.15E+06

Tc

1Effluent

Rd/Tc2

0.04
0.14
0.05
0.07
0.08
-0.07
--0.03
1.00E+09

concentration for each fraction
2Represents normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)

Table C.14. Column Dissection Results for HW, Isolate SP2B07, Replication 2 and 3.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

Rep 2
1.10E+06

Rep 3
5.39E+05

1.34E+06

8.67E+05

3.03E+06

9.22E+05

----

----

-----

-----

Tc-1
Tc-2

1Effluent

Rd/Tc2

Rep 2 Rep 3
0.05 0.02

---0.06
----0.14

0.02

-----

0.03
7.34E+08
1.16E+09

concentration for each fraction
2Represents normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)
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----

Table C.15. Column Dissection Results for Soil Only, Isolate SP1H01, Replication 1.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

1.94E+06
1.47E+06
8.44E+05
9.84E+05
4.84E+05
3.59E+05
5.94E+05
5.16E+05
1.25E+05
8.05E+05

Tc

1Effluent

Rd/Tc2

0.05
0.04
0.02
0.03
0.01
0.01
0.02
0.01
0.00
0.02
1.18E+09

concentration for each fraction
2Represents normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)

Table C.16. Column Dissection Results for Soil Only, Isolate SP1H01, Replication 2.
Cd (cell mL-1)1

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10

Rep 1
2.27E+05

Rep 2
1.14E+06

2.19E+05

1.02E+05

0.01

6.09E+05

0.01
0.02
1.16E+09
1.03E+09

----

----

-----

2.89E+05

1Effluent

Rd/Tc2

-----

Tc-1
Tc-2

Rep 1 Rep 2
0.01
0.04

--------

0.00

concentration for each fraction
normalized concentrations, computed as the ratio of total cells (Cd x 5.36 mL) to total cellular
input Tc (C0d x 33.5 mL)

2Represents
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--------

Table C.17. Column Dissection Results for Soil Only, Isolate SP2B07, Replication 1,2.
C (cell mL-1)1
6.05 x 106
---8.42 x 106
----7.71 x 106

Distance from Inlet (cm)
1
2
3
4
5
6
7
8
9
10
C0 (cell mL-1)3
1Effluent

C/C02
0.19
---0.26
----0.24
3.26 x 107

concentration for each fraction
normalized concentrations, computed as the ratio of measured effluent concentration (C) to
measured influent (initial) concentration (C0).
3Influent bacterial concentration added to each column
2Represents

159

C.3 VARIABLES
Table C.18. Variables used for the bacterial studies
Variable Description
Input Cellular Concentration
C0fd
Input Cellular Concentration Transport Experiment per dilution (cells/mL)
C0fr
Input Cellular Concentration Transport Experiment per dilution (cells/mL)
(=AveC0fd)
C0t
Input Cellular Concentration Transport Experiment (cells/mL) (=AveC0fr)
Tc
Total Cellular Input for Transport Study (cells) (=C0 x 33.5 mL)
Transport Study/Fraction Collector
Cfd
Fraction Concentration per dilution (cells/mL)
Cfr
Fraction Concentration per replication (cells/mL) (=AveCfd)
Cf
Fraction Concentration (cells/mL) (=Ave Cfr). Note (AveCfr / C0t) = (Cf / C0t)
Algebraically
Transport Study/Cellular Recovery
Rf
Total cells recovered per fraction (cells) (=Cf x 5.36 mL)
SRf
Sum of AveRf (cells)
aSRf/Tc Average of SRf/Tc
PR
Percent recovery (=aSRf/Tc x 100%)
Dissection Study
Cdd
Dissection Concentration per dilution (cells/mL)
Cdr
Dissection Concentration per replication (cells/mL) (=AveCdd)
Cd
Dissection Concentration (cells/mL) (=Ave Cdr). Note (AveCdr / C0t) = (Cd / C0t)
Algebraically
Rd
Total cells recovered per dissection (cells) (=Cd x KCl per dissection)
aRd/Tc Average of Rd/Tc
Batch Study
C0b
Input Cellular Concentration Batch Study (cells/mL) (=Ave C0br)
Cbd
Batch Concentration per dilution (cells/mL)
Cbr
Batch Concentration per replication (cells/mL). Note (AveCbr / C0b) = Cb/C0b
Rb
Total cells recovered per batch (cells) (=Cb x KCl added to batch)
Tcb
Total Cellular Input for Batch Study (cells) (=C0d x KCl added)
aRb/Tcb Average of Rb/Tc
S
Sorbed bacteria (=Tc - Rd)
Sg
Sorbed bacteria per gram of dry soil
K
Sorption coefficient (mL/g) (=Sg/Cb)
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